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CUMATE CHANGE 
Long-Term Satellite Record Reveals Likely Recent 
‘Aerosol Trend 

M, | Mishchenko etal 

‘Global satelite data show that the amount of aerosols in the 
tropasphere decreased from 1991 to 2005, miroring a concurrent 
increase solar radiation reaching Earth's surtace. 
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“Combining live imaging with high resolution 
electron microscopy is a real challenge.” 
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PHYSICS 
Resonant Amplification of Magnetic Domain-Wall 1553 
Motion by a Train of Current Pulses 

L Thomas et al. 

{train of short, weak current pulses can unpin and move a magnetic 
domain wal in a magnetic nanowire, 


PHYSICS 
Critical Behavior of a Trapped Interacting Bose Gas 1556 
T, Donner et al. 

Probing spatial corelations among atoms near the onset of 
‘Bose-Einstein condensation reveals how the new phase may 

‘emerge trom smaller fluctuating phase transitions. 
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Rapid Changes in Ice Discharge from Greenland 1559 
Outlet Glaciers 

1. M. Howat, I. Joughin, TA. Scambos 

Satellite measurements show that the discharge from two major 
‘outlet glaciers ofthe Greenland ce Sheet doubled in 2004 but 

then decreased abruptly in 2006. 
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‘Measuring the induced voltage of organic molecules held between 
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electrons carry the current 
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F Pelletier etal. 

The numberof sheep in a population with larger individuals increases 
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‘variation influences selection pressure. 
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The Latitudinal Gradient in Recent Speciation and 1574 
Extinction Rates of Birds and Mammals 

J.T. Weir and D, Schluter 
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not increased speciation as previously supposed. 
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‘pronounced than had been believed 

>> Respective p. 2505 

MOLECULAR BIOLOGY 

ASlicer-Mediated Mechanism for Repeat-Associated 1587 
siRNA 5" End Formation in Drosophila 

LS. Gunawardane etal. 
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GLOBAL: Special Feature—Research at the Poles 
A. Fazekas 
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‘on scientists doing polar research, 
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A. Fazekas 

Biological oceanographers share their experiences doing 
science on Antarctic seas 
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<< From Ecology to Evolution 


Although the time scales of ecological and evolutionary 
processes can be quite different, the opportunities for the 
interplay of the two are increasingly evident, Pelletier et al. 
(p. 1571) show how the feedback between ecological varia- 
tion and evolutionary change can be estimated using indi- 
vidual contributions to population growth. In a long-term 
detailed study of a population of Soay sheep living on the 
remote Scottish island of St. Kilda, variation in size-related 
traits of individual animals influenced population growth 
and fluctuates with the environment. It was also possible to 
estimate the contribution of additive genetic variation to 
population growth, which provides a measure of how evolu- 
tionary processes influence ecological change. Finally, an 
assessment could be made of how ecological variation influ- 


Insights into Ice 
Stream Discharge 


How quickly sea level will rise as climate warms 
depends mainly on how much the ocean 

expands from warming, how fast the polar ice 
sheets melt, and how fast the ice sheets dis: 
charge frozen ice into the ocean. This third 
process is by far the most poorly constrained, 
but in recent years large and rapid increases 
have occurted in the discharge rates of some of 
these outlet glaciers—as much as doubling in 
less than 1 year (see the Perspectives by 
Vaughan and Arthern and by Truffer and 
Fahnestock), Fricker et al. (p. 1544, pub: 
lished online 15 February) analyzed ice-surface 
elevations obtained {rom satellite laser altime 
try in the vicinity of two important Antarctic ice 
steams and found rapid, local changes in the 
height of the ice on annual time scales. They 
interpret these results as the signatures of 
subglacial water movement between lakes at 
the base of the ie sheet, Howat et al (p, 1559, 
published online 8 February) show that glacial 
discharge from ice streams in Greenland can 
decrease as suddenly as it can increase. Their 
findings illustrate the difficulty of extrapolat 
ing short-term trends in ice mass balance to 
longer intervals 


Resonantly Depinning 
Domain Walls 


{In conventional magnetic-storage media, 
changes in magnetization of localized regions 
are produced with a magnetized head. In 
efforts to decrease the bit size, reduce power 
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consumption, and develop new active magneto. 
electronic technology, the possibility of using 
electrical pulses to directly manipulate magne: 
tization is being explored. The injection of a 
sufficiently large current pulse through a 
domain wall (which separates regions of differ 
ent polarity) is known to cause domain walls to 
move. Thomas et al. (p. 1553) now show that a 
train of well-timed current pulses can also 
depin the domain wall, but at much lower pulse 
amplitudes. The subthreshold depinning, which 
is explained in terms of a resonant amplifica 
tion of the domain-wall motion within its 
confining potential, could have implications in 
addressing magnetoelectronic devices. 


Energy Management 


Chemical reactions are often modeled with ref 
erence to an energy landscape com 

prised of activation barriers and ] 
potential wells and, in 

general, any excess 
energy in the system 
isexpected to spread \ 
evenly across this, | 
landscape like an \ 
overflowing stream. 
Kim et ab. (p. 1561) 
observe a surprising excep 
tion to this trend. Through a 
combination of theory and experi 
‘ments, they find that two conformations of the 
propanal cation, separated by ~1 kilocalorie per 
mole, dissociate to form very different product 
distributions upon absorption of light eneray 
~100 times greater than for the small barrier to 
their interconversion. The calculations suggest 


ences selection pressures, 


that molecular rearrangements in the excited 
electronic state funnel each distinctly contig 
tured structure toward an isolated portion of the 
ground state surface, after which dissociation 
‘outpaces conformational equilibration, 


Following Fluctuations 


Near a second-order, of continuous, phase tran 
sition, fluctuations of the order parameter (such 
as for magnetization or superfluidity) com: 
pletely govern the behavior of the system on all 
length scales and exhibit a universal sca 
behavior that can be characterized by critical 
exponents. However, probing the actual phase 
transition at the critical region itself and 
extracting these critical exponents has proven 
experimentally challenging. Donner et al. 
(p. 1556; see the Perspective by Altman) 
looked at a cloud of cold atoms (bosons) near 
the onset of Bose-Einstein condensation and 
probed the spatial correlations between 
the atoms as the temperature was 
varied around the critical point, As 
7) these results can carry over toa 
multitude of other systems, they 
should provide an important tes 
ing ground for the general theory of 
second-order phase transitions. 


Warm Currents 

‘Most studies of electron transport through mol- 
ecules have focused on currents generated by 
applied voltages, but many details about the 
electronic structure of molecular junctions can 


be gleaned from measuring voltage changes 
Continued on page 1463, 
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when there is a temperature differential between the two electrodes. For example, the sign of the 
corresponding Seebeck coefficient 5 will reflect the position of the Fermi levels relative tothe high 
est occupied and lowest unoccupied orbitals of the molecules. Reddy et al. (p. 1568, published 
online 15 February) measured S values for several conjugated organic dithiols on gold surfaces. 
The molecules were in contact with a gold scanning tunneling microscope tip that was kept at con: 
stant temperature; the substrate was then heated. The positive sign of S indicates that these mole 
cules are hole conductors. 


New Look at an Old Problem 


‘A ribozyme that can catalyze RNA assembly is central to the RNA-world hypothesis. No known existing 
ribozyme catalyzes the required template-dependent 5” to 3° phosphodiester bond ligation, but proof 
‘of principle has been provided by laboratory-created nucleotide triphosphate ribozymes. Robertson 
and Scott (p. 1549; see the Perspective by Joyce) have determined the structure of sucha ligase 
ribozyme at 2.6 angstrom resolution. The structure of the active site suggests that the ligase ribozyme 
Uses strategies of transition-state stabilization and acid-base catalysis well known in natural 
ribozymes and protein enzymes 


Attention in Fruit Flies 

Insect brains compare favorably with vertebrate brains in 
their levels of sophistication. However, can insects like the fruit 
fy show selective attention? Using local field potential record 

ings during visual fixation, van Swinderen (p. 1590) demon 

strated attention like processes in Drosophila brain activity 
‘The author also examined the effect of the short-term learning. 
mutants dunce and rutabaga on novelty-evoked responses and 
found that these mutations atenuate selective attention and 
delay its onset. 


Not-So-Hot Tropical Diversification 

‘What causes the latitudinal gradient in species diversity, with greater species richness in the tropics? 
Weir and Schluter (p. 1574) present data and simulations that together point to high speciation 
rates, not in the tropics as often assumed, but rather at temperate latitudes and low extinction rates 
in the tropics. This finding contradicts the hypothesis that the tropics have an elevated speciation rate 
‘relative to the temperate zones, as previously suggested. 


From MicroRNA to Carcinogenesis 

‘Misregulation of microRNA (miRNA) function has been implicated in cancer, However, the precise role 
of miRNAs in tumorigenesis has been unclear, High Mobility Group A2 protein (Hmga2) is a small, 
nonhistone, chromatin-associated protein found in a number of benign and malignant tumors, where 
the gene is often truncated at the 3° end. Mayr et al. (p. 1576, published online 22 February) now 
‘show that it is the loss of the noncoding 3° untranslated region of the Hmga2 messenger RNA, and 
‘specifically regulator sites for the let-7 miRNA, which cause the overexpression of Hmga2, and that 
this overexpression contributes to the progression of carcinogenesis both in a tissue culture assay and 
imnude mice. 


HIV Evolution: Host or Virus? 

During infection, the human immunodeficiency virus (HIV) is under pressure to mutate in order to 
‘escape immune detection. A population-level study has suggested that polymorphisms in genes that 
‘encode the major histocompatibility complex (MHO proteins responsible for presenting viral antigens 
to cytotoxic T cells have a strong influence on how the virus evolves. However, Bhattacharya et al. 
(p. 1583; see the Perspective by Klenerman and McMichael) now present an analysis that takes into 
@ account other confounding effects of viral phylogeny and reveals that the majority of such associa- 

# tions result from effects of viral lineages, rather than immune escape. Although MHC polymorphism is 
& still likely to have some influence on viral evolution, this effect could be significantly less than previ- 


8 ously suggested. 
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EDITORIAL 


Celebrating Polar Science 


AS WE ENTER THE FOURTH INTERNATIONAL POLAR YEAR (IPY), WE HONOR THE FACT THAT 
although the poles are among the most desolate places on Earth, they are also among the most 
scientifically rich and important to the future of the planet, The first of these “geophysical years” 
was 1882-1883; the most recent was 1957-1958. By now, most people know that the poles are 
laces to study the effects of global climate change. Indeed, some have called polar glae 
sheets the “canaries in the mine” of climate chang. 

Because the impacts of climate change are disproportionately felt at high latitudes, polar 
‘ecosystems will continue to bear careful watching. Cores through the polar ice shelves into the 
underwater sediment provide a record of Earth’s biological and geological history over millions 
of years. The Arctic has also given us a history of human settlement and associated climate 
records that span thousands of years and offer an outstanding base for integrated research on 
global systems and human adaptation. The polesare also home to some of 
the most unusual species, living successfully in incredibly cold and dark 
\water hundreds of meters under the 

The air is so pristine that scien 
Pole Station, poised atop a constantly shiftir 
thick, give out little vials labeled “cleanest air on earth.” That air 
provides a matchless environment in which cosmologists and 
astronomers can study the origins and evolution of the universe. Theit 
work will be accelerated by a brand-new 10-meter telescoy 
ported to the South Pole in sections on turboprop freight planes and 
assembled outside at -60°C. Work also continues on the world’s 
largest neutrino detector, called IeeCube, which afier 6 years of work 
will occupy a cubic kilometer of ice beneath the South Pole Station. 
Antarctic polar ice turns out to be an ideal medium for detecting neutrinos because it is 
‘exceptionally pure, transparent, and free of radioactivity, 

The IPY epitomizes the globalization of science. Organized by the International Council for 
ice (ICSU) and the World Meteorological Organization, over 60 nations will contribute 
thousands of scientists to it to work together on over 200 projects. According to the organizers, 
“The fundamental concept of the IPY 2007-2008 is of an intensive burst of internationally coor- 
inated, interdisciplinary. scientific research and observations focused on the Earth's polar 
regions.” The IPY focuses on new ways to both understand the polar regions and develop 
‘enhanced, long-lasting observational facilities and infrastructure. It also aims to recruit a new 
‘generation of polar scientists and engineers. The IPY offers the scientific community a super 
‘opportunity to reach out to citizens around the world with the wonders of science and its appli- 
‘ability to crucial issues affecting them and generations to come. 

IPY research projects will include mathematical, physical, biological, behavioral, and 
social scientists and a wide range of engineering researchers. This mix of disciplines makes 
this polar year initiative unique, because the earlier ones were strictly geophysical. This IPY 
specifically includes research directed at the human elements of polar regions “to investigate 
the cultural, historical, and social processes that shape the sustainability of circumpolar human 
societies.” Its multidisciplinary character underscores how much society depends on the full 
array of sciences—mathematies: the physical, life, and social sciences: and engineering—to 
fully understand the natural world, how to preserve it, and how to make sure humans will 
continue to have a secure, productive, and fulfilling place in it. 

Reaping the benefits of this grand IPY initiative is not only up to the global scientific 

Italso will depend on the wisdom of policymakers around the world to provide 
enough resources to ensure its success. The recent budget frenzies in the United States 
came dangerously close to compromising, or at least substantially delaying. this country 
Participation. We all need to be vigilant and make certain that the great opportunities inher- 
ent in the IPY are not forsaken. 
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~Alan 1. Leshner 
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INNOVATION @ WORK 


With MISSION’ siRNA - It's About Design! 


Sigma and Rosetta Inpharmatics, a recognized leader in Bioinformatics, have partnered tc 
bring you the best siRNA design to improve your RNAi 


Current studies suggest th 
well your siRN 


gene-specific siRNAs have a direc 
jen RNAi experiment. Using an siRNA 


designed w 
downstream applications, not up-fron 


SIRNA desig 


The MISSION siRNA Druggable Genome Libraries designed 
with Rosetta algorithm provide: 


Efficient knockdown for fo 


abundance message 


Improved target specificity 


Flexible gene family sets, pre-arra 


d for a range of applications 


Optimum products from highest quality, experienced manufacturing 


Freedom to operate for research use 


The MISSION siRNA Performance Guarantee 


Sigma guarantees that 2 out o! 


knockdown efficiencies of grea 


RNA duplexes per tay 


e ‘Stening| 


For more information on MISSION sit 
please visit us on the Web at 


INA Druggable Genome Libraries, eee 
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MOLECULAR B1OLOGY 
Facing in Two Directions 


The ends of DNA molecules can be extremely dangerous to a cell 
because of their potential to recombine with other DNA 
Sequences, which would cause large-scale disruption of genome 
integrity, Double-stranded DNA ends are found naturally at the 
termini (called telomeres) of linear eukaryotic chromosomes and 
also at sites of spontaneous genomic damage. Exposed ends at 
both locations are recognized by the evolutionarily conserved Ku 
heterodimer, which is required for the nonhomologous end-join- 
ing (NHE]) repair of broken DNA as well as forthe silencing of 
genes at telomeres. How does Ku orchestrate such distinct func- 
tions? The Ku heterodimer consists of the structurally and evolu- 
tionarily related Ku70 and Ku80 proteins, which together form a 
ring that wraps around DNA ends. The N-terminal domains of the 
two subunits face in opposite directions when bound to DNA, 
with Ku70 oriented toward the DNA ends. Ribes-Zamora et al. 
have carried out a mutagenesis study of yeast Ku and show that 


‘The inward-facing domain (green) of Ku80; DNA, 
black strands. 


an cchelix in the Ku70 N-terminal domain is required for DNA repair, possibly as a surface to which NHE} factors are recruited. The 
equivalent helix in Ku80 is required for telomeric silencing, which is consistent with its facing toward the bulk of the tetomeric 


§ CHEMISTRY 
§ Lactide Loops... 


& selective routes to cyclic polymers must over: 
3 come the dual challenges of enthalpic strain and 
unfavorable entropy. Culkin et al. have found 
that an N-heterocyclic carbene substituted with 
two butky mesty groups can catalyze the poly 
‘merization of lactide to yield macrocyles with 
‘molecular weights on the order of 20 KD and 
polydispersites of ~1.2 to 1.3. The authors had 
previously shown the effectiveness ofthis cata 
Iyst for generating linear poly(actide) in the 
presence of alcohol initiators; the cyclic products 
resull when the initiators are omitted. Pobmer 
ization of optically pure lactide proceeds with 
retention of stereochemistry. The narrow polis: 
petites and observation of a product molecular 
weight increase with reaction time suggest that 
propagation outpaces the macrolactonization 
step that liberates the carbene catalyst. —1S¥ 
Angew. Chem. Int. Ed. 46, 
10.1002/ane 200604740 (2007 


CHEMISTRY 
...and Peptoid Polygons 

The potential therapeutic usefulness of peptides 
is offen limited by their degradation via proteot- 


ysis, and a number of peptide mimics have been 
developed that avoid degradation by using a dif 
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structure when Ku is bound at telomeres, Prokaryotes contain a single Ku gene that is involved in DNA repair, and most lack telom- 
eres, having circular genomes. The advent of linear chromosomes and telomeres in eukaryotes probably favored the duplication of 


the Ku gene and the subsequent functional differentiation of the Ku70 and Ku80 subunits. —GR 


‘Nat. Struct. Mol, Biol, 10.21038/nsmb1214 (2007). 


ferent backbone linkage. Peptoids, which are 
composed of glycine monomers substituted at 
the nitrogen atom, can develop helical second: 
ary structure if they bear bulky chiral side 
chains, but in solution they often exhibit some 
disordering and conformational heterogeneity 


Octapeptoid structure. 


Shin etal. show that the use of the peptide cou 
piling agent PyBOP led to remarkably efficient 
head-to-tail cyctization of peptoids with 
methoxyethyl, phenylmethyt, and azidopropyl 
side chains. Products ranging from cyclic pen 
tamers up to cyclic 20-mers could be prepared 
with yields of ~90% or greater. These com: 
‘pounds have sufficient conformational ordering 
that several could be crystallized for structural 
analysis by xray diffraction. — PDS 

J. Am. Chem. Soc. 129, 10.102 /)20669600 

(2007. 


ceLt BIOLOGY 
Capturing Immature Components 


The ysecretase complex catalyzes proteolytic 
cleavage of a variety of membrane proteins, 
including the amyloid precursor protein that i, 
implicated in Alzheimer’s disease. The complex 
contains several components, including prese 
niin, anterior pharynx defective-1 (APH-1), and 
nicastrin, Spasic eta. have examined the intracel- 
lular assembly path ofthis complex and have 
found that a protein involved in recycting within 
the early secretory pathway, Rerlp, interacts with 
‘immature nicasrin either in the Golgi or in the 
endoplasmic reticulum (ER): the entry portal to 
the secretory pathway. Itseems that Rer1p effec 
tively binds toa site within the transmembrane 
domain of nicastrin that can also interact with 
AAPH-1 in the mature 7-secretase complex. Rerlp 
binding competes with the assembly of APH-1 and 
nicastrin and also returns to the ER any immature 
nicastrin that has escaped into the Golgi, — SMH 
1J.Cell Biol. 176, 629 (2007). 


CLIMATE SCIENCE 


Eye of the Beholder 


‘One of the most contentious issues in the 

debate about the impact of global warming on 

hurricanes is the accuracy of hurricane records; 
Continued on page 1469 
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A Challenge from Dow 


— 


ie For years, researchers have sought a way to convert methane directly to chemicals. 


Scientists at The Dow Chemical Company are seeking ways to harness the full 
potential of methane without using costly synthesis gas processes. We are so intent on 
discovering these technologies that we want to identify and collaborate with colleagues from 
around the world to find a solution 


Are you interested in working with us? 

Dow will award one or more grants of up to $2 million each for three years, with an option 
to be renewed depending upon progress. These grants will go to collaborators who have a 
desire, like us, to develop more effective ways of converting methane. Our ultimate goal is to 
use this chemistry to produce ethylene and propylene, avoiding synthesis gas processes. 


Maybe your team has ideas on how to find an answer. We would like to hear from you — 
non-confidential proposals will be accepted by Dow until May 31, 2007. 


For complete details, go to www.dowmethane.com. 


<> 


“Trademark of The Dow Chemical Company 


EDI CHOICE 
Continued from page 1467, 
itis important for hurricane intensity measu they pass their cargoes 
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50 that methodological differences do not intro 
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duce spurious trends. Kossin et al. take a 


in that direction by constructing a homoge 


tions by wat 


neous global record of hurricane intensity movement of single 
between 1983 and 2005, using the available molecules of myoVa 
elite data archive of nearly 170,000 obser 


vations of more than 2000 tropical storms. 


tered intersecting fit 
'2 | MyoVa (red dot) turn- ment 


ing right onto an 
actin filament 


Alter standardizing the spatial and temporal 
images, they treat all the d 


solution of th either actin 


(rom the Atlantic, Pacific, and Indian Oceans) microtubules. At a 


with a single algorithm for estimating hurr 


cane intensity, based on the infrared brightness | (green). 

temperatures of the storms measured by satel 

lites, Their analysis reveals a rise in storm ment, stopped moving altogether, or turned left 

intensity and the power dissipated by storms in | or right, with the direction determined by the 

the North Atlantic over the period of investiga | polarity of the second filament. The ratio 

tion, but no significant trends in the global stepping versus turning events correlated with 
ages. These findings would seem to contra- | the ratio of binding sites within reach of a flex 


ch th 
more intense 


jon that hurricanes are becoming | ble myoVa he actin monor 


that samp 


hin a target zone define 


as climate warms, because sea " y its 50. 


face temperatures, the factor generally 
ed to have the greatest impact on hurti 


ing range, Despite a tendency t 


nm step 
switch tracks, my 


ahas a high probability of 
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cane strength, have risen in all ocean basins reaching the ce the 
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cytoskeletal elements, and how do 10.1073/pnas.0611471108 (2007) 


<< Antipsychotics and Weight Gain 


Although atypical antipsychotic drugs (AAPDs) are currently the most 
commonly used treatments for schizophrenia, some of them stimu 
late a substantial weight gain—largely associated with increased 
food intake—that can lead to the development of diabetes and 
cardiovascular disease. Noting that activation of hypothalamic 
adenosine 5'-monophasphate-activated protein kinase (AMPK) is associated with increased 
food intake, Kim et al, explored the effects of AAPDs on the phosphorylation of AMPK, which 
enhances its kinase activity. Clozapine and olanzapine, two AAPDs that elicit weight gain, 
stimulated phosphorylation of AMPK in mouse hypothalamic slices, as did quetiapine, whereas 
antipsychotic drugs with less effect on appetite did not. Furthermore, clozapine stimulated the 
phosphorylation and catalytic activity of hypothalamic AMPK in intact mice. After confirming 
earlier reports that that the potency of AAPDs in blocking the histamine H, receptor (H1R) 
correlated with their tendency to stimulate weight gain, the authors showed that clozapine 
blocked the ability of histamine to decrease the phosphorylation of AMPK in hypothalamic 
stices. Moreover, clozapine failed to stimulate AMPK phosphorylation in mice lacking the H1R. 
Thus, they conclude that the orexigenic effects of AAPDs probably involve blockade of the HIR 
and an associated activation of hypothalamic AMPK. — EMA 

Proc. Natl Acod. Sc. USA. 104, 3456 (2007). 
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High-Value, Substantially Expanded Services 
from Applied Biosystems 


To learn more go to http://info.appliedbiosystems.com/service 
or contact your local Applied Biosystems sales representative. 


Are you sure your monochromator 
microplate reader doesn’t use filters? 


s featured in the Safire 
be sure the 
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of a monochromat: 


With quadg technology you'll soon see the difference. 


With Tecan’s exclusive quad4 monochromator™ tec 
as featured in the Safire? and the I 
be sure there are no f d for s 
th othing to compromise the performance or flexibility 


of a monochromator plate reader. 


With quadg technology you'll soon see the difference. 
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Pennsylvania State University in State Coll 
thinks a toxin may be implicated, because wax: 
ind neighboring bees are not invading 


CCD is only the latest in a string of mis: 
ak 
ened by varroa mites and infections. The work 


fortunes to hit commercial honeybees 


Mysterious Bee-havior brash seri 
Beekeepers in 26 states have lost upto 50 
their colonies this winter toa mysterious ai 
iment scientists ae stugatng to understand. 
Dubbed Colony Collapse Disorder (CCD), 
the malady began late last fall, but the extent 


June. Time is of the essence: Be 
80" 
and the almond trees are already in bloom 


of of the country’s pollination services, 


One World, OneGeology 
Counties tat have spent eades maging 
alot 


of the problem became clear only in January. 
Alflicted 
eventually abandon their colonies. Unlike pre 


5 stop tending their broods and 


can now ad pieces to the 
OneGeotogy, 3 new international 
date data from g 


pu 


Vious die-offs due to pesticides, bee corps project to 


logic maps 
aren't turning up around hive debut in London 

They just disappear,” says Sacramento 
beekeeper Franklin Carter 


To tackle th 


ntrance: around the world, madi 


last 
for national boundar 


sek. “Geology has no respect 


notes 


problem, scientists project leader lan Jackson of 


around the country have set up a the British Geological 
CCD working group that is scan. Survey. So national 
ning for novel pathogens with geological agencies 


{gene chips and using neural ‘need to start thinking 


networks to analyze the buzz at more in groups. 

infected hives—which the U.S. Army Some 55 nations 

hhas found to provide an early indication of have so far joined the effort, with, 
airborne toxins. Researchers are also looking —_| each planning to contribute geologic maps 

at bee genes to see whether Cape honeybees | of its territory at a scale of 1:1 million. The 
from Africa may have infiltrated U.S. popul International Union of Geological Sciences will 
tions. Cape females produce their own young | figure out how to standardize national data 


er than tending to the queen’s brood, bases. The project (at onegeology.com) will 
ing the social structure to collapse also transfer mapping know-how to less devel 
So far, no prime suspect has emerged oped countries, The team hopes to have an 

Entomologist Diana Cox-Foster of online database available in 2008. 


A Toothsome Resource 


With these shapely molars (below), an arctic fox (Alopex lagopus) can munch on 
lemmings, berries, or the remains of a seal carcass left behind by a polar bear. 
Researchers keen to analyze the fox's teeth or those of other mammals willfind a wealth 

of data at MorphoBrowser from the University of Helsinki in Finland, 

The database holds 3D scans of 
molars and premolars captured 
Using confocal microscopy, com 
puterized tomography, and other 
techniques. Paleontologists, devel 
‘opmental biologists, and anthro: 
pologists can check out the chop: 
‘pets of more than 100 extinct and. 
living species and of several trans 
‘genic and mutant mouse strains. 

To simplify comparisons, tools sort out similar teeth based on variables such as shape and crown 
type. Students might also find the database handy because it allows them to examine tiny teeth that 
are dificult to study in laboratory specimens. >> pantodon science helsinki {¥morphobrowser 
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Using the microscopic equivalent of com 


puted tomography, scientists have created 
a 3D map showing the precise locations of 
the innards of a cell, including nucleus 
mitochondria, and the microtubules that 
hold it all together. 

A group led by Claude Antony at the 
European Molecular Biology Laboratory 
in Heidelberg, Germany, with Richard 
Malntosh’s laboratory at the University of 
Colorado, Boulder, used the new technique 
called electron tomography, to visualize the 
steucture of fission yeast at a magnification 
of 14,500. The work was published in the 
March issue of Developmental Cell. "This 
high-quality analysis ... allows us for the 
first time to have a detailed description of 
the microtubular arrays,” says Nobel laure: 
ate Paul Nurse of Rockefeller University in 
New York City. Biologist Jeremy Hyams of 
Massey University in Palmerston North, 
New Zealand, says it “opens a new chapter 
in our understanding of cell structure.” 
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ipl samples. No cuvettes. No dilutions. 


Revolutionary technology, 8 readings in under 30 seconds. 
The NEW NanoDrop* ND-8000 8-Sampie Spectrophotometer 
iS powerful — eight 1 Lf samples at 


Full spectrum UV/Vis analysis of 111 samples for quantitation, 
purity assessments and more: nucleic acids, mcroarrays, 
Protens and general spectrophotometry. 
Measurement is quick and easy — pipette up to 
and measure, Each sample is read using tw 
to achieve an extensive 
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~3700 ng/pl dsDNA), 
iminating the need for dilutions. Then just a quick 
ean and you're ready for your next samples. What 


could be easier — or more powerful? 


And for the power of small in single-sample absorbance 
or fluorescent measurements, check out the NanoDrop® 
ND-1000 Spectrophotometer or the NanoDrop® ND-3300 
Fluorospectrometer (uitra low fluorescent detection limit of 
sample mass — e.g, 2 pg dsDNA). 


Ready to experience the power of small x8? Test a 
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ON CAMPUS 

TAKING A LONG VIEW. Over the years, 
astronomer Richard Kron has used the 
L-meter refracting telescope at Yerkes 
Observatory in Williams Bay, Wisconsit 
to get students interested in science. 
He's now hoping to save the long-obsolete 
observatory, built 

in 1897, by turning 
it into a science 
education center. 

Ina cost-saving 
‘move, the University 
of Chicago announced 
in 2005 that it was 
going to sell Yerkes 
and 18 hectares of 
surrounding woods. 
ANew York real estate 
company offered $10 million. After local resi- 
dents objected to its plans to build 72 houses 
anda hotel, the university tapped Kron—who 
directed Yerkes from 1989 to 2001 and is a 
professor at the university—to lead a commit: 
tee to study alternative uses forthe site. Kron 
thinks that an education center would be ideal 
if it can pay its own way. The panel began 
‘meeting last month, and Kron hopes to submit 
a plan by the summer. 


HONORS 

HOME ON THE MOON. A desolate spot on 
the methane-soaked surface of Saturn's 
largest moon Titan has been named in 


Got a tip for this page? E-mail people@aaas.org 


Movers 


foundi 


Kavli Foundation. 


and planet formation 
phei 


research on campus. 
Lin, who 


ater 
Ph.D. from Ca 


honor of Hubert Curien, a former French sci- | 
ence minister and advocate of European 
space science 

Curien, a soft-spoken crystallography 
professor who died in February 2005 at the 
age of 80, headed France's giant research 
agency, CNRS, and its space agency, CNES, 
before serving as minister under four gov 
ernments. He also chaired the European 
Space Agency (ESA) council and played a key 
role in setting up its Long-term science pro: 


The new institute, which plans to recruit up to 15 fa 
bers from all over the world, will focus on particle cosmology, star 
and gravitational physies and bi 
nena. Beijing University President Xu Zhihong says he 
expects the institute’s autonomy to be a model for strenj 


ys he “feels equally at hom 
.* was born in New York City, 


nbridge University in the Us 
next 2 years, he plans to split his ti 


at least 3 months every year 
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GLOBAL THINKER. Douglas Lin, « theoretical astrophysicist at the 
University of Californi 
director of the Kavli Institute for Astronomy and 
Astrophysics (KIAA) at Beijit 
Chinese institutes established last June with support from the 


Santa Cruz (UCSC), has been named 


University. KIAA is one of wo 


y me 


nergy 


henin, 


on the shores of the 
ew up in Beijing, 
Canada, and received his 
ted Kingdom. For the 
between KIAA and UCSC 


Where he has been professor since 1979, From then on, he expects 


KIAA 


gram and the Ariane launcher project. 

A ceremony to name the site where the 
European Huygens probe landed a month 
before Curien died took place this week at 
ESA headquarters in Paris, "Itis ... a true 
honor for us to pay tribute to his memory by 
linking his name forever to this very signifi 
cant place on the surface of an alien world 
that, also thanks to him, we were able to 
reach,” said ESA Director General Jean 
Jacques Dordain. 


Misconduct >> 


MEA CULPA. Indian science policy heavyweight Raghunath 
‘Mashelkar has acknowledged that a 2004 book he co- 
‘authored on intellectual property contains plagiarized text. 
It's the second such incident in the past month for Mashelkar, 
a chemical engineer who earlier this year retired as head of 
India's main research agency (Science, 2 March, p. 1205). 

The book, Intellectual Property and Competitive 
Strategies in the 21st Century, contains a page-and-a-half- 
long section copied line by line from a 1996 paper by 
Darrell Posey and Graham Dutfield in the Bulletin of the 
Working Group of Traditional Resource Rights. Dutfield, a 
patent law researcher at the University of London, discov~ 
‘ered the plagiarism 3 years ago and complained to the publisher, but the story became pub- 
licafter The Times of India reported it last month. In the 2006 Indian edition, the copied text 
‘appears within quotation marks, with a footnote referencing the source. 

Mashelkar says he’s very sorry. “Iwas working on so many things at the time that | took the 
help of researchers to add new information to what | had written,” he told Science ina phone 
interview during which he broke down. “Unfortunately, they copied verbatim from somebody 
else's writings. | know itis asin. But | was so pressed for time that this skipped my attention.” 
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SPACE SCIENCE 


Hownot to 
deter looting 


NASA Declares No Room for 
Antimatter Experiment 


The Alpha Magnetic Spectrometer (AMS) is 
model of international cooperation, led by a 
dynamie Nobel Prize winner, and promises to 
do impressive science in space. But it may 
never get a chance to do its thin; 

The problem isthat NASA has noroom on. 
its space shuttle to launch the $1.5 billion 
AMS mission, which is designed to search for 


antimatter from its perch on the international 


Every shuttle flight that I have 


space station, 
has got to be used to finish the station,” 
NASA Administrator Michael Griffin told a 
Senate panel on 28 February 

Griffin’s categorical statement could spell 


doom for the innovative experiment, which 
received a glowing review in December from 


an independent scientific review panel 
appointed by the mission’s sponsor, the 
ULS. Departmentof Energy (DOE). The deci- 
sion is sure to send ripples around the world, 


considering that 16 countries have con- 


‘Not stationary. AMS needs another way to 
get to the international space station after 
[NASA said that the shuttles are booked. 
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tributed large sums of money to the effort 
And it is one of the only significant scientific 


facilities planned for the space statior 

AMS is the brainchild of Samuel Ting, 
physicist at the Massachusetts Instit 
Technology in Cambridge and Nobel lau 
ie. One of its major goals is to under 
atter and 


stand the uneven distribution of n 
antimatter in the universe by searching for 


ptimatt com: 


The experiment, ne: 

Switzerland, could also 

k matter and a new form 

of quark matter called stra 
NASA and Ting announced the exper 

fe in 1995, and the 
I prototype in 1998 


pletion in Genev: 


help search for d 


the loss of the Colu 
put launch of the AMS on indefi 
Ting has continued work on the spacecraft, 
which should be ready to be shipped to 
Kennedy Space Center in Florida by 2008 
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Putting CO, 


inits place 


's CERN and the 
European Space Agency's facility in 
Noordwijk, the Netherlands, 

NASA has spent $35 million to build the 
skeleton, which will hold the device in the 
shuttle hold—the 6800-kg AMS would take 
up nearly half a shuttle bay—and be 


after testing at Genev 


attached to the long truss on the space sta- 
tion, Although DOE has contributed about 
$30 million, the vast bulk of AMS funding 
has come from international partners such 
as Italy and France, as well as the unlikely 
combination of Taiwan and China, “The 
AMS project is sure to be viewed 
for international collaboration in scie 
d one reviewer in the DOE study 
chaired by Barry Barish, a physicist at the 
California Institute of Technology in 
Pasadena, That study “had only p 
q 
such a far-reaching coalition. 

Barish last week called the NASA news 
“disappointing” and said it would be “a big 
blow for international collaborators.” He 
added that Ting has already been looking for 
other routes into space. One alternative is to 
launch the AMS on an expendable rocket 
with a robot that could guide it to the space 
station. The only realistic candidate, NASA 


amodel 


some wonder” ability to create 


offic se H-2 transte 
vehicle now under development. To alter 
both that vehicle and the AMS for such a mis- 
sion, however, would cost between $254 mil- 
lion and $564 million, says Mark Sistill, 
NASA AMS program managet 

Anotheralternative would be to place itin 


orbit aboard a rocket. which could leave the 
AMS in orbit until the shuttle could pick it 
up. That option could cost $380 million to 
$400 million and would entail a complex 
dockin; 
to Sistilli, would be to tur 


aneuver, A final option, according 
the AMS into a 
free-flying spacecraft with its own radiators 


and solar panels. Such a conversion, how- 
ever, could top $1 billion. 

DOE officials declined comment, and 
Ting was traveling in Asia and could not be 
reached. But Sistill, who agrees that “the sci- 
the intemational commit- 


ence is terrific a 
ment is huge.” says that NASA will continue 
to find its portion of the project and hope for 
a positive outcome. “We didn’t want to out- 
right kill it” he says, “We don’t really know 
how to handle the situation.” 

ANDREW LAWLER 
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CANCER RESEARCH 


Budget Pressure Puts High-Profile Study in Doubt 


A budget crunch has delayed and could scuttle 
a major USS. cancer-prevention trial set to 
begin in April. The $100 million experiment 
aimsto compare a new drug, etrozole, to older 


pills for preventing breast cancer in wom 
after menopause. Just 1 day alter the trial won 
h-level approval, John Niederhuber, direc 
of the National Cancer Institute (NCI), 
ised it for an intense review, totake place on 
23 March. This private session will also look 
broadly at improving prevention trials 

The reversal has upset the center that 
sf the trial, the National Surgical Adju- 
vant Breast and Bowel Project (NSABP) in 
Pittsbungh, Pennsylvania, NSABP may be best 


known for pioneerin, 


tamoxifen therapy and 
new methods of breast sui 
D, Lawrence Wickerham, NSABPS associate 


chair, says, “We were eestatic on. 


when NCI's executive committee endorsed 
the project, known as the STELLAR trial, after 
1 8months of reviews, Then on 23 January," We 
were informed that Niederhuber had appar- 
ently unilaterally” placed it on hold. reject 
aan 8-2 approva 
Wickerham says itu 
tion ish 


by his executive com 


rests that eancer preven 


12 pushed into “second class.” 

Niederhubertold The Cancer Letter. which 
first reported this decision, that NCI programs 
were under “a great deal of stress” and that 
some NC ices had “stron 
the STELLAR proposal "was not 
ence” and nota 


good use of funds, Niederhuber 


declined Science’s request for an interview on 
grounds that it might affect the 23 March 
review, In a statement, NCI said the fresh look 
at STELLAR was “part of ongoing delibera- 
tions about difficult decisions rey 
best use of scarce resources that hi 
from 5 years of below-inflation appropria- 
tions.” NCI notes that the trial “would cost 
approximately $100 million, would involve 
about 13,000 women, and require at least 
10 years before results would be availible: 
STELLAR asks a specific question: Does 
letrozole,a drug in the new aromatase inhibitor 
(AD class, work better as a preventative for 
postmenopausal women at high risk for breast 
cancer than an older drug, raloxifene? (Other 
data already indicate that raloxifene is better 
than an earlier preventative, tamosifen.) Based 


fe resulted 


Fravoa Fv2005Fv2006 _FY2007 
* Benet nd Deter he 


Tough choices. NCI Director John Niederhuber is 
‘grappling with a shrinking real budget 


on cancer treatment results, many think that 
Jetrozole will have mikler side effects and pro- 
vide better protection, All these dru: 
ned to blunt the effects of estr 
tamoxifen 
stimulati 


ni; 


des 

nd ralxifene block estrogen from 

ig tumor growth, whereas Al drugs 
stop the synthesis of estrogen. 

Paul Goss, director of breast ¢: 

research at Harvard's Massachusetts Gi 


Hospital in Boston, says that Al drugs have had 
which has 
mn. Data consistently 


great success in treat 


raised hopes for preve 
show that AI drugs reduce estrogen in post- 
menopausal women to a very low level. he 
says, and women who took AI drugs after can- 
cer in one breast were far less likely to develop 


a new tumor in the other breast. (Rates were 
reduced by about 60% to 75%, compared to 
40% for tamoxifen.) 
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At the same time, Goss 
questions about the 
notes, for example, that two other big trials of 
Al drugs—one led by the National Cancer 
Institute of Canada’s clinical trial group, which 
he chairs, and another funded by the charity 
Cancer Research UK: 
Each uses an Al from a different company 

Letrozole is made by Novartis, the Canadian 
trial is testing a Pfizer drug, and the UK. trial is 
testing an AstraZeneca drug. The Canadian 
and UK. trials compare women 


YS, people are 


raisin al’s value, He 


are already under way 


dnug to those in control groups given a dummy 
pill. These placebo-controlled trials ean get by 
with relatively small enrollments (4000 to 
6000), In contrast, STELLAR will need to 
cenroll 13,000 t0 find subvle differences between 
hwo active drugs, This means STELLAR will 
cost mor fier the 
others. Goss says that STELLAR's head-to- 
h 


a more definitive 
but he questions whether 


«1 comparison would g 
hdr 
the results will come soon enough to affect 


clinical practic 

Niederhuber and oth 
another concern: Women may not be interested 
in STELLAR’ results. For example, only a 
small fraction of those at risk for breast eancer 
have embraced tamoxifen as a preventative, 


shave 


despite its proven value. (The drug has serious 
side effects, including a risk of endometrial 
cancer and blood clots.) Whether Al drugs 
would be more popular is a guess. Cynthia 
Pearson, director of a cancer activist group. 
the National Women’s Health Network in 
Washington, D.C., says she “would not be so 
sorry” if the STELLAR trial were set aside, 
sree with the whole line 
reatment drugs should be 


because “I don't ay 
that breast cancer 


used in healthy women. 
For these and other reasons, Niederhuber 
has put STELLAR on a list of projects that 
need to be reconsidered in light of NCT's tight 
2007 budget. Many could be trimmed, he told 
NCI’s Board of Scientific Advisors on 5 
March. NCIis looking t reductions in tobacco- 
contro! research and seven intramural research 
projects, as well as potential 10P% cutsin NCT's 
flagship comprehensive cancer centers, clinical 

tials, and the NCI director’ budget 
ELIOT MARSHALL 
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ARCHAEOLOGY 


~ Controversial law. New German 
of (Ould encourage the rad 
facts trom illegal excavations 


potholed large areas of aq. 


German Law Stirs Concern Illegal 
Artifacts Will Be Easier to Sell 


Last week, the German Senate ratified the 
1970 UNESCO Convention on Cultural 
butarchaeologists around the world 
the long-delayed approval will do 
‘more harm than good, Many worry that Ger- 
many’s interpretation of the convention will 
make the country a haven for illegally exca- 
vated antiquities from traq and elsewhere. 

The UNESCO convention has been a 
defining document in the global battle to pro- 
tect artistic and especially archaeological her- 
itage from theft, looting, and destruction. Yet 
govemments can make their own decisionson 
how to implement it. Whereas the United 
Statesand many ofthe other 112 signatories to 
the convention restrict or prohibit trade in 
broad categories of artifacts, the German law 
passed last Friday requires countries to publish 
lists of specific items they consider valuable to 
their cultural heritage. Only those items will 
be protected under German law, which means 
trade in undocumented artifacts, such as those 
looted from archaeological sites, will be diff- 
It to restrict. “This is a bad signal,” says 
Michael Mueller-Karpe, an archaeologist at 
the Roman-German Central Museum in 
Mainz, “It ells the world that whatever isn’t 
published isn’t worth protecting” 


‘eb DEUTEOHES ARCAAQLOGISCHES METTUT BERLIN 
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The idea of restricting specifically listed 
objects may make sense for museum colle 
tions but not for looted artifcts, say archaeo 
ogists. By the time they reach the mark 
such artifacts —Eyyptian sculpture, Akkadian 
cuneiform tablets from rag, and Cambodian 
stone carvings, for ins 
stripped of the painstaking archaeological 
documentation and context that makes them 
scientifically valuable. 

Still, Germany's implementation of the 
convention is well within the treaty’s original 
requirements. “According to UNESCO, 
stolen objects have to be from documented 
collections.” sys Neil Brodie. research direc- 
tor of Cambridge University’s Illicit Antiq 
ties Research Centre, “There's no legal obl 
ation for countries to treat illegally exca- 
vated objects as stolen.” Mueller-Karpe calls 
the convention the “Grave-robbing Law” 
because he feels it encourages such theft. 

Wy countries have gone further than 
Germany in restricting the trade in illegally 
excavated artifacts. In the United States, for 
instance, dealers trading in certain categories 
items are required to have export licenses 
from the country of origin or prove that the 
object has been out of the country of origin > 


N OP 


Sow Not Cool 


federal judge has ordered farmers to halt 
planting transgenic alfalfa seed, the first time 
that a court has withdrawn a genetically engi 
nneered crop from the market. The temporary 
injunction follows an earlier decision by the 
ssame judge that the U.S, Department of Agr: 
culture (USDA) should have carried out a 
more rigorous assessment of the environmen 
tal risks of Roundup Ready alfalfa before the 
agency approved it in 2005 (Science, 23 Feb 
ruary, p. 1069). USDA asked the court to allow 
continued sale of the seed during the required 
environmental impact study, but Judge 
‘Charles Breyer of the U.S. District Court in 
San Francisco, California, sided instead with 
environmental groups calling fora halt on 
planting. Farmers must stop plantings by 

30 March, and Breyer wil issue a final ruling 
after a 27 April hearing, 

Daniel Putnam, an alfalfa specialist at the 
University of California, Davis, says that 
Breyer’s decisions strike him as uninformed, 
The judge argued thatthe transgenic alfalfa 
could spread to nearby fields, but alfalfa is 
harvested before it produces seeds, The ruling 
“will cause very much consternation in agri 
culture,” he says, DAN CHARLES 


Minds Closed to Open Access 


Although fans of the concept, scientists remain 
reluctant to publish in open-access outlets, a 
‘new study suggests. The survey, led by informa 
tion scientists at Munich University in Germany 
and the University of Arkansas, Little Rock, 
{ound that although two-thirds of 688 respon 
cdents—mainly information systems, German 
literature, and medical scientists from around 
the world—read open-access literature, only a 
third chose to publish their work that way. The 
majority viewed open access as faster (79%) 
and reaching a larger readership (75%) than 
traditional publishing, Yet many also believed 
that colleagues don’t publish in open access 
(73%), that open access has deficient impact 
factors (58%), and that publishing via open 
‘acess would damage their chances of tenure 
and promotion (60%). 

Information scientist Angel Borrego of 
Barcelona University in Spain says the survey, 
published last week, reiterates what others 
have called a “Jekyll-and-Hyde syndrome” in 
which scientists behave differently a5 readers 
than as authors. Matthew Cockeril, publisher 
of the open-access BioMed Central, says the 
study shiows the need “to more clearly com 
municate the benefits of open access” and 
gain 3 “critical mass” of researchers publish: 
ing in open-access titles, “ELISABETH PAIN 
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since before the agreement went into effect. 
“The important part isthe difference between 
designated categories and a list of specific 
Patty Gerstenblith, a professor 
sity College of Law in 
list simply doesn’t work, 
because artifacts that are taken out of the 
ground are unknown.” 

Indeed, as more countries crack down: 
oon the trade of artifuets—the United King- 
dom and Switzerland, long notorious as 
transit countries for illegal antiquities, rati- 
fied the UNESCO treaty in 2002 and 2003, 
respectively—German archaeologists fear 
that the country’s loopholes could make it a 
destination where dealers turn stolen prop- 
erty into legal merchandise that can then be 
traded worldwide. Until now, objects with 
no proof of origin have been assumed 
stolen, But under the new law, if they’r 
listed, they can be presumed le; 
potentially sold with Germany as their 
country of origin—making it easier to 
move them to the United States or else- 


CLIMATE CHANGE 


“The new law won't make 
any improvement, and 
the situation can’t get 
much worse than it is 
right now.” 


—E£ckhard Laufer, 
German Task Force on 
illegal Excavation 


where. “It’s like an antiquities laundr 
says Mueller-Karpe. 

‘ekhard Laufer, a police official and part 
‘of the German Task Force on Illegal Excava- 
tion, says the new law is a missed opportu- 
1 have to wait and see, but I'm 
afraid it’s totally inadequate,” Laufer says. 
“The new law won't make any improvement, 
and the situation can’t get much worse than 


German coin collectors and art and 
antiquities dealers counter that the new law is 
too strong. "Germany always does things 


150%. The more strict the laws are, the more 
objects are going to go toa gray market.” says 
Christoph von Mosch, a Munich art dealer 
with a degree in classical archaco! 
tries can now make claims on artifacts worth 
‘more than €1000 for up to a year afier they 
are posted for sale, creating complications 
and paperwork that some dealers say puts 
them at a competitive disadvanta; 


That it has taken Germany 36 years to 


doesn’t bode well for prompt ac 
1995 UNIDROIT Convention, much more 
stringent agreement that characterizes ille~ 
gal excavation as theft and requires the 
return of stolen objects and cultural prop- 
erty. So far, only a few dozen countries have 
signed. Along with Germany, Brodie says, 
“none of the major market or transit cou 
tries” including the United States, the 
UK., Switzerland, France, and Belgium: 

“have ratified 


ANDREW CURRY 
‘Andrew Curry isa frelance writer in Bertin, 


Is a Thinning Haze Unveiling the Real Global Warming? 


The sunlight-reflecting haze that cools 
much of the planet seems to have thinned 
over the past decade or So, remote-sensing 
specialists report on page 1543. If 
thinning would not explain away a century 
of global warming, experts say, but it 
might explain the unexpectedly strong 
global warming of late, the accelerating 
loss of glacial ice, and much 


Since the early 1990s, they say, the global 
aerosol layer has been thinning rather dra- 
matical fe can’t claim it’s 100% real,” 
says Mishchenko, AVHRR is “not a very 
good instrument, I's just a weather satel- 
lite.” But the data check out when com- 
pared with some ground-based observa- 
tions and are broadly consistent with cer- 


‘warming might in turn explain the acceler- 
ated loss of se: from the Arctic O. 
and from the great ice sheets, which feed 
ings 
irst things first, however, say critics, 
“What [Mishchenko and colleagues] are 
trying to do is admirable.” says Sarah 
Doherty of the University of Washington, 


Of rising sea levels. However, 
many other researchers are 
highly suspicious of the data 
nd frustrated by the lack of 
ny quantitative measures of 
their reliability. 

The observationscome from 
Advanced Very High Reso- 
lution Radiometer (AVHRR) 


Down for real? Satellite data 
show a thinning of global hazes 
(declining green tine), but cali- 
bration questions cloud the issue. 


Seattle, who has studied 
the calibration of AVHRR, 
instruments. But “there's just 
too much unes 


instruments flown aboard 
weather satellites. Designed 
to measure cloud cover for weather fore- 
casters, they can also measure the much 
weaker sunlight reflected from the aerosol 
particles of haze. And unlike newer, more 
precise instruments, they have been meas- 
uring aerosols since 1981. 

Michael Mishchenko and his col- 
leagues at NASA Goddard Institute for 
Space Studies (GISS) in New York City 
took advantage of AVHRR longevity to 
search for long-term trends in aerosols. 


i Prats 
den 
K 
© 
/ 
EN \ 
\ \A 
6 cs cy vo cc 
Year 


tain other satellite data, the authors write. 
If aerosols are really thinning that 
‘much, substantially more sunlight has been 
escaping reflection back into space and 
warming the planet. That extra energy, 
rather than an unrecognized quirk in the 
tem, would explain the greater- 
than-forecasted warming of the 1990s 
and early 2000s that another team noted 
last month (www. sciencemag.org/cgi 
content/abstract/ 1136843). The extra 


The problem, Doherty 
says, lies in part in stringing 
together records from five different instru- 
ments flown on five different satellit 
over the years. At times, the next instr 
‘ment was not launched before its predece: 
sor failed, preventing a precise calibration. & 
Mishchenko and colleagues “need to say 

2 
5 
5 


i 


how well they know the uncertaint 
says. Without quantitative estimates of 
uncertainty, she can’t tell whether the 
trend is real 


RICHARD A. KERR. 
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CARBON EMISSIONS 


Report Backs More Projects to 
Sequester CO, From Coal 


A new academic study of capturing and stor- 
ing carbon emissions from coal burning—the 
800-pound gorilla in the climate policy 
debate—says that billions of dollars in 
demonstration projects are needed to help put 
the ape in a cage, 

Worldwide, the 5.4 billion tons of coal 
bummed each year generateroughly a third of the 
‘world’s carbon dioxide emissions, But coat's 


low cost compared to other energy sources 
makes it irresistible to nations with plentiful 
deposits. China, for example, weekly puts 
online two new coal-fired generating plants. 
This week, scientists at the Massachusetts 
Institute of Technology (MIT) in Cambridge. 
led by physicist Ernest Moniz and chemist, 
John Deutch, propose policy and research to 
help govemments achieve big cuts by capturing 
and burying the CO, (websmit.edweoal), The 
study describes a number of daunting technical 
hurdles and warns against a “rushed attempt” 
to deploy the two leading technological fixes 
before the science is mature. 

‘That cautionary note has sparked criticism 
from more bullish experts, “We know enough 
technologically to do it today.” says mechani- 
cal engineer George Peridas of the Natural 


Resources Defense Council in Washington, 
D.C., which wants new plants to be forced to 
include technology to capture carbon emis- 
sions. “From a climate perspective. the risk 
{of waiting] is huge. 
ng a computer model, MIT researchers 
examined how changing utilities a global price 
foremitted carbon diowide (either $7 or $25 per 
ton) might impact coal consumption by 2050. 
‘The scenarios suggest that the policies “will 
limit” the expected growth inthe use of coal but 
vot bring it below current levels. Improvements 
in the process of capturing emitted carbon and 
sequestering it underground will therefore be 
“eritical:” the reports authors say. The study 
calls for the US, Department of Energy (DOE) 
to continue funding technologies for capturing 
carbon from the two main ways of burning it 
pulverized coal (PC) and integrated wasifica- 
tion combined cycle (GCC). PC plants grab 
CO, just before emissions travel to the smoke- 
stack; IGCC plants remove the gas after the 
coal is gasfied but before itis burned 

‘The report calls on the U.S, government to 
spend up to half'a billion dollars a year to sub- 
sidize demonstration projects run by partner- 
ships with the private sector. It says that 
FutureGen, the current DOE effort to demon- 


wows: 


strate a carbon-capturing IGCC facility by 
2012, lacks “clarity of purpose.” It also faults 
DOE sassessment of US. geologic sequest- 
tion sites as “not uniform” —an atlas due out in 


Drilt squad. A new report recommends scaling up 
work on carbon sequestration, such as this study of 
saline formations by DOE geochemists 


May omits detail on coal-rich regions in 
for example—preferring a nati 
map prepared by the U.S. Geological Survey. 

Experts praise the reports support for dem- 
‘onstration projects but criticize its technology- 
neutral stance on the competing technologies 
Joseph Chaisson of the Clean Air Task Foree in 
Boston data 
mparative advantage for 
IGCC, adding that utilities are actively explor- 
ing new industrial gasifiers. Geologist Susan 
Havorka of the University of Texas, Austin, 
questions the report's emphasis on giant inje 
test beds, saying that ongoing 

‘small tests” can give important cluesin 
ing CO, behavior. 

Moniz says the group accounted for recent 
Industry progress, but that there are too many 
unknowns to favor one t .A plant 
built now with one capture technology would 
behard to retrofit fora different one. “It’s not as 
simple as just dropping in” a sequestration 
module, he says. Meanwhile, some companies 
are moving forward. Last week. a group of 
investors and Dallas-based TXU announced 
plans o build two IGCC demonstration plants. 
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Like a Rock 


NASA told US. lawmakers last week it doesn’t 
have the money to track the vast majority of 
asteroids that might threaten Earth, a goal 
set by Congress. Even so, the space agency is 
‘quietly examining how to send two or three 
humans to an asteroid as atrial run for a 
return to the moon, 

The 90-day mission would allow NASA to 
test its new Constellation rocket, provide 
physiological and psychological data on deep: 
space flights, and study asteroids “to refine 
impact physics models,” according toa 5 Feb: 
ruary report by the office in charge of build 
ing a new human launcher. The study argues 
that the trip, possibly by 2017, could put 
humans “on the way to Mars while producing 
exciting new science.” Carl Walz, a NASA 
exploration manager, says NASA has no plans 
to push for such a mission, 


ANDREW LAWLER 


NOAA Pushes Fish Farms 


Hoping to help expand fish farming into off 
shore waters, the National Oceanic and 
‘Atmospheric Administration (NOAA) this week 
proposed setting up a permitting system and 
environmental regulations, as well as requir 
ing studies on how to make the farms more 
ecologically sustainable, A 2005 bill that con 
tained similar provisions faced tough opposi 
tion on environmental issues in Congress. We 
“heard the concerns,” says NOAA Fisheries 
Service Director William Hogarth. So the new 
proposal includes calls for monitoring of dis 
‘ease and fish escape and requires an assess 
ment of economic impacts on fishing commu 
nities. Inwould also require research to devise 
niew feed that doesn't require as much wild 
fish, Hogarth hopes the legislation will be 
introduced by a lawmaker quickly, although 
Gerald Leape of the National Environmental 
Trust in Washington, D.C, calls the effort a 
“tough lft” due to powerful lawmakers wary 
‘of new competition for fishing industries in 
their states. ERIK STOKSTAD 


X-rays in Chinese Sights 
As part ofits quest spaceward, China has set 
2010 asthe launch year for its fist satellite 
observatory, an xray telescope. The instrument 
will keep a close eye on black holes and other 
phenomena by detecting photons with energies 
above 20 KeV. Chief projec scientist Li Tipet of 
Qinghua University in Beijing told Chinese 
reporters last year thatthe imaging telescope 
‘would have world-class sensitivity and spatial 
resolution among x-ray instruments. 

“HAO XIN 
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Asking for the Moon 


Thanks to several upcoming robotic missions, lunar science is poised 
for its biggest boost in a generation. But NASA managers have made it 


be thet 


clear that research 


TEMPE, ARIZONA—Fashion isn’t restricted 
A decade a 
scientists became enamored with the 
possibility of past life on Mars. More 


to Paris runways. 0, space 


recently, moons such as Europa, Titan, and 


Enceladus captured the imagination of 


researchers. Soon, Earth’s only satellite 


a chance to strut her stuff a 


after being out of style for more than 
3 decades, Four countries—Japan, India, 
China, and the United States—are prepar 
ing to launch robotic lunar probes in the 
next 18 months, China is planning a human 
mission, and NASA is pushing ahead with 
plans for a human outpost by the end of the 
next decade based on a 2004 vision laid 
down by President George W. Bush. 

With the moon back in the footlights. 


the question for U.S. scientists is whether 


lunar science can sustain funding for a 
lon 


term research program, Science has 


always played second fiddle to en; 
tht at NASA, and the new explo. 
ration program is no exception. As NASA 
Administrator Michael Griffin bluntly 
told the 250 scientists who 
at the request of NASA’s Advi 
sory Council, a return to the moon 


human fl 


hered here 


is not 
all about you.” If scientists want a dedi- 
n research sortie, he added, 


find the $2 billion oF so it 


cated hum: 
they'll need 


_Lunat astronomy. Scientists hove 
Propose a radi aray on the 


mobs “yUtee” Far side 
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on the exploration dog 


That mes ong with NASA‘ recent 


series of lunar ro 


The 


missions, stunned some participant 
rather pessimistic view 
lined by Mike Griffin,” says Brown Univer 
ologist Carle Pieters, left her 
ed.” Yet she and 
other scientists say they want to be involved 
A weeklon 
ated a long list of intriguin; 


‘depressed and 


ssion gener 


in lunar plan 


projects to pur 
sue, along with advance word from a 
National Research Council (NRC) panel 
now studying lunar science that its report 
would urge NASA to up funding 
such research, “We don't wan 
what could be a faseina 


to preclude 


tunity.” says Neil Tyson, an astronomer at the 
American Museum of Natural History in 
New York City, “The ship is leaving the dock, 


and the question is whether we'll be on it 


Back to the future 
The gathering in Tempe hearkened back toa 
1965 meeting on Massachusetts’s Cape Cod 


that gave researchers an oppo 


inject scientific research into the Apol 


am. Harrison Schmitt, a geologist wh 


proj 
went on to become the first and only scien 
tist to visit the moon and now chairs the 


ncy Sadvisory council, was so impressed 
by the meeting that he asked NASA to 
‘Schmitt says he overcame NASA's 
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initial resistance by arguing that it needed a 
clear set of scientific priorities 

The early days of lunar science bene- 
fited greatly from the Cold War race to the 
moon, The United States and the Soviet 
Union sent more than 60 robotic mis- 


sions—crash landers, soft landers, orbiters, 
sample returns—between 1958 and 1976 
And that 18-year tally doesn't count the 


nine piloted Apollo flights that circled or 
landed on the lunar surface, By contrast. 
only four missions have visited the moon in 
the last 31 years. 

Scientists still know remarkably little 


about Earth’s satellite, Pressing scientific 
questions include why the moon's magnetic 
ars to have shut off, how dust and 
th 
nature of hydrogen deposits at the poles, 
The Apollo soil samples are insufficiently 


plasn surface, and the 


diverse to answer fundamental geological 
questions because they were drawn largely 
from the maria in the mid-latitudes of the 


the Aitken Basin near the south 
thas yet to be explored, and Mars has 


hole 
pole 
been mapped more accurately than the 
moon's pockmarked surface, which con- 
of the 
satly 


tains clues to the extent and timil 
heavy bombardment that shaped the 
solar system, Like Greenland’s ice cap, the 


moon's undisturbed layers preserve a long 


history—for example, a concise record of 

the sun’s radiance over billions of years, 
Scientists soon will have a shot at 

answering these and other questions, This 


year, Japan will launch a 3-ton, 14-sensor 


probe called Selene, China is completin; 
work on Change 1, which will examine the 
lunar crust and temperature and the space 


environment between Earth and the 


Next year, India plans to send Chandrayaan-1 


Old digs, Geologist 
Harrison Sch 

ye lunar surface 
during the last 
December 1972. 


é 


LUNAR SCIENCE 


WINNERS 


Low-frequency radio astronomy, interaction with 


Earth's magnetotail, surface electromagnetic fields, 


radiation. risks, dust hazards, volatiles at poles 


LOSERS 
Distributed seismic networks, optical telescopes, 
sample diversity, gravitational waves, astrobiology, 


galactic cosmic rays 


with a NASA-funded instrumen rd, NASA's m pans back The base, tentatively planned for the rim 
around the me lowed bya moreambi- moon explorati¢ <outh pole’s Shackleton Crater, would 
tious sample-return mission in 2010 a ng the spa be home to a crew of four stayin, 
‘Chandrayaan-2 will have a lander that will tion and retir huttle in 2010, for 1 eeks, says Laurie Leshin 
touch down on the lunar surface and pick up followed by # 2015 launchin; em nce and exploration chief at NASA’ 
samples.” says G. Madhavan Nair, chair of rock from LRO, Goddard Space Flight Center in Greenbelt 
the Indian Space Research Organization first dec Maryland, Astronauts could travel a few 
And German officials recently said they are exploratic NASA just p k rs around the landing site and ¢ 
considering building a lunar probe outsid forbiters and landers afte lect up to 100 kilograms of lunar samples 
the umbrella of the European Space —coul ide exploration—and science— Griffin envisions the base as analogous t 
Agency, which laune 2003 moon d r rival of human: he U.S, National Science Foundation 
orbiter but has no plans for further fligh Scott Horowitz, NASA's exploration rdo Station in Antaretica, which 
Meanwhile, NASA is readyin| hat those robotic missic 1s a logistics and transportation hu 
Lunar Reconnaissance Orbiter (LRO) fora would be n re agency had earch aeross the continent 
late 2008 launch. It’s designed to provide _ money. All he re ed t Leshin ac ged that 
detailed maps of the moon to assist in plan deferred” in the ¢ 
ning for human missions, That mi: exploration. And in Tempe, ¢ 
last a year, after which NASA sci H short of saying that there will b 
take over its operation pent human presence at the outp. 
NASA plans to boost its lunar fundin elu to the moon is as a training ground, a 
from $27 million in 2008 to $97 million in step along the path to Mars,” he said. 
2011. That pot will help cover the cost of Although Griffin and Horowitz down 
operating LRO as well as paying for small ed the role of research, scientists used 
uch as Chandrayaan-2, In addition, NASA rojects that could be conducted from the 
officials promise to mak mon lunar outpost, including the study of 
available for scientists to analyze data from rby regolith, volatiles, impact craters 
both U.S, and foreign spacecraft. “The solar wind, and a low-frequency radio 
a real richness of data” headed to Earth, observatory on the far side, in the quiet 
says Pieters, who is co-chair of the NRC one protected from noisy Earth. “This is 
panel. She says the panel's report will urge he most exciting experiment which could 
greater international cooperation on lun: be done from the surface of the moon, 
robotic efforts ys Mario Livio, an astrophysicist 
he Space Telescope Science Institute in 
Visioning science Baltimore, Maryland. 
LRO’s central mission, however, is not sci- But the researchers also concluded tha 
ence, The spacecraft is the first step in high 
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Taking a Stern Look at NASA Science 


Finding room for lunar research in NASA's $5.4 billion science 


one of many challeng 


facing Alan St 


week, during a meeting with the National Academies’ Sp 
Board, Stern pledged to wring more science out of a flat 


ways 


tag for the biggest item, the James Webb Space Telescop 
than $1 billion to $4.5 billion, although its cost 


More recently, NASA was forced to budget 10° 
Orbiting Carbon Observatory, 


ated for 


measurements of carbon dioxide in Earth’s atmosphere, and the 51.69 bit 
lion Mars Science Laboratory rover, which will le 


Not surprisingly, those larger mor 
else, Some dis 


plines, such as a 


sions in the next To make matters 


Michael Griffin froze the science budget after 


to the 5-year plan for science to cover shortfalls in the spac 


space station programs. 
Stern hopes to ease the 


any additional funding. “We' 


could be done better, faster, and more 
cheaply using robots. And they agreed that 
With the exception of the radio observatory, 
the moon is a poor place to conduct astron 
omy or Earth sciences, 

Even so, the results of NASA's multi- 
billion-dollar vision could trickle down 
to science. The new heavy-lift launcher 
could orbit space telescopes with mirrors 


10 meters across when it isn’t ferrying 


Dual mission. The 
tumed 0 


B Lunar Reconnaiss 


to scientists after scoping out po 


n, who next month takes over the 
troubled program. He's a planetary scientist from the So 
Institute in Boulder, Colorado, and a one-time astronaut candidate. Last 


10 ease controversial cuts to university grants. 
Stern's portfolio includes nearly 100 projects in space or being readi 
for launch. But several are mired in cost overruns, Two 


inch next year to col 


gages are squeezing 
robiology, face dramatic cuts (Science, 
19 January, p. 318), and NASA has no plans for major earth sc 


idering $3.1 billion in cut 


isis through “innovative thinking” rather than 


living ina zero-sum game 


uthwest Research 


go, the price 
shot up more 
for the $250 milion 


control 


Sober forecast. 


Earth in 2009, 
ferything 


nce mis Stern warns that l 


NASA chief 


that cause pain, 


ttle and 


to make room for new projects 


tition to 


emy panel. He plans to save 
some money by cutting back on. 
what he deems the agency's 
excessive oversight of small 
satellite projects. “We've shot 
‘ourselves in the foot,” he says 
about well-meaning attempts to 
hat have substan: 
ed to costs 


avoid failu 
tially add 

A recent academy report 
calling for anew flotilla of earth 
science platforms is out of 
with the available resources, he 


says. He's even willing to con 
sider killing a space mission if 
it's the only way to preserve a 
robust budget for research and 
analysis, which is mostly con 
ducted by academic scientists 

ng-running missions may need to be turned off 
There are going to be things that | do 


he says, He's also decided to recuse himself from a 


mine Mars’s atmosphere, in which he had 


hoped to play a lead role. At the same time, he plans to remain principal 


hetold 


humans to the me 


n. And new spaceeraft 
systems could lay the groundwork for a new 


F sophisticated planetary probes. 


‘Science is not a priority in the vision, but 


voice what their needs are 

Weil like to ens 

ities which could be used for space science 
And there is still the possibility tha 


missions could prove critical for explorat 


nothing is says Livio 


ion after LRO, Some 
NASA officials pre- 


dict that the ageney 
will need to study the 
effects of moon dust 
and radiation on 


equipment and astro- 
as well as to 
p LRO obser- 


follow 


ter at the Junar 
poles. And NASA's 
Ames Research Cen- 
ler in Mountain View 
Californi 


is propos- 
$100 mil- 


lion missions that 
could deliver 50 


of 


for them is 
another matter, how- 
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tigator of the Pluto mission that just pa 


d Jupiter 
“AL 


ever, as the budgets of both the exploration 
and science offices are being squeezed. 
NASA‘ science office is already consider 
ing some lunar projects as part of its regular 
mission competitions. Geophysicist Maria 
Zuber of the Massachusetts Institute of Tech: 


nology in Cambridge h 


the lunar gravitational field and the moon's 
interior structure using an orbiter, And plane 
sreed in a 2003 NRC decadal 
survey of their discipline that a robotic mission 
to the Aitken Basin h priority; NASA 
may consider such a mission in the near future 

Some re: 


sa hi 


jchers worry that lunar science 


isa passing fuel that may not last into the next 


administration, “A lot of scientists I know are 


staying away from this” because they expect 
the vision to collapse once Bush leaves office 
-y Fortson, an astronomer at 


ie University of Chicago in Iinois, 


in 2009, says Lux 


However, those who have been waiting 


patiently for more than 3 decades welcome the 


don’t mind that science isn’t in the driver's 
The me 
the lunar community is quite comfortable 


M1 is now front and center, and 


with the fact that science is not the preeminent 
activity,” says astronomer Wendell Mendell of 
NASA‘ Johnson Space Center in Houston, 


‘We've been waiting for so long, it's good to 
have anythin ~ANDREW LAWLER 


ting by Pallava Bagla 
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U.S. Math Tests Don't Line Up 


The latest national assessment of high school achievement can’t be compared with 
previous ones, the government says. Does no trend mean no progress? 


For more than 3 decades, the National 
Assessment of Educational Progress 
(NAEP) has monitored how much U.S. stu- 
dents know in a variety of subjec 
recent trends for 12th-grade mathemati 
disturbing: Scores haven't improved, and 
U.S. students rank near the bottom on inter- 
national comparisons. So math experts 
around the country eagerly awaited the latest 
trend data, based ona test taken by 9000 high 
school seniors in 2005, The government's 
answer last month turned out to be a surpris- 
ing “we don’t know.” 
Officials at the Department 
tion's National Center 


runs the pro- 
‘gram, say that the 2005 scores 
cannot be compared to the 
1996 and 2000 assessments, 
The 2005 test contained more 
algebra and less numeracy, it 
used a different format, and 
students were allowed to bring 
their own calculators rather 
than use ones provided at the 
test site, "We wanted to offer 
some sort of comparison.” says 
Peggy Carr, NC 
director, “Afte 
about educational progress. 
and for that you need trends, 
But we decided in the end that 
there were too many change: 
The new test was intended to be more rig- 

i ‘orous than previous versions, explains Mary 
Crovo of the National Assessment Govern- 

| ing Board (NAGB), which sets policies for 


NAEP. But after the board approved the 
‘changes in content, she says, testing experts 
& advised that it had also lost the ability to 
E draw any comparisons with the 2000 test. 
§ Psychometricians say thatthe gold standard 
would have been a bridging stud 
one 
matched sample take the 2005 test, both 
under the 2000 rules. Any scoring difference 
could then reliably be attributed to a stu- 
dent’s knowledge of mathematics. No brids- 
2 ing study was done, although Carr and 
Crovo disagree on the reasons. “It was a 
funding decision by NCES.” says Crovo. 
Carr says, however, “we initially thought 


i 
i 


that we should do one, but NAGB said it 
wouldn't be appropriate because {the 2003 
test] used a new framework.” 

‘An outside study funded by the depart- 
ment did, however, find some basis for com- 
parison. After analyzing answers to the 
{607% t0 65% of the questions on the two tests 
that were identical, researchers at the Human 
Resources Research Organization (HumRRO) 
in Alexandria, Virginia, found evidence that 
there were “probable gains in 12th-grade 
mathematics between 2000 and 2005.” 


Sinking Deeper 


Race to the bottom. The last three NAEP tests show that 3 shrinking share of high 
school seniors have even basic math skils—and the racial gap persists. 


Although the report (posted at humrro.org) is 
studded with caveats, it finds that the ealeu- 
lator policy had “minimal affect, if any.” and 
that the new format may actually disguise a 
larger real gain. 

‘Whether the 2005 NAEP scores can be 
compared with those of earlier tests is more 
than a simple disagreement among psycho- 
metricians. Although the NAEP is not part 
Of the state-by-state assessment of student 
chievement mandated under the federal No 
‘Child Left Behind Act, the test matters. Pro- 
ponents of national standards see NAEP as 
a promising way to achieve their goal in 
the face of the famously decentralized 
USS. educational system (Science, 2 February. 
p. 595). Even the Bush Administration, 
which cherishes the principle of local con- 
trol, has dubbed NAEP “the nation’s report 
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card” to emphasize its importance. 

The comparability of the two tests also 
has bearing on efforts to erase the sizable 
achievement gap between white and Asian 
‘students, on the one hand, and their African- 
American and Hispanic peers on the other, 
Using a three-point scale—basic, proficient, 
and advanced—to measure achievement, the 
2005 NAEP test found that a staggering 
39% of US. high school seniors lack even a 
basic understanding of high schoo! mathe- 
matics. That’s up from 35% in the 2000 test 
and 31% in 1996, Using that same seale, the 
large achievement gap by race and ethnicity 
has persisted. The 2005 test reports that some 
70% of blacks and 60% of Hispanics fell 
below that minimal cutoff, compared with 
0% for whites and 27% for Asian-Americans, 
Ina depressing spiral to the bottom, the 
percentage of students from each racial and 
ethnic group falling below 
asic” has increased from 
1996 t0 2003, 

For many math educators, 
what's most depressing 
changesin NAEP results if 
are minimal, The Hum RO 
analysis estimates an 
increase of three to five 
points on a seale of 300, a 
bump-up consistent with the 
recent pattern in math scores 
for elementary and middle 
school students. “A thre 
point gain seems about right 
to me,” agrees Tom Loveless, 
director of the Brown Center 
for Education Policy at 
the Brookings Ins 
in Washington, D. 
co-author of a 2006 study 
comparing student achieve- 
ment on NAEP and state assessments, 

“Even if you could compare the two 
there are clearly no major improvements” in 
the mathematical abilities of U.S. high 
schoolers, says William Schmidt, US. coor 
dinator for the 1995 Third International 
Mathematics and Science Study, which 
revealed a growing achievement gap 
between US. students and the rest of the 
\world as they move through the educational 
system. “I'm not surprised” says Schmidt, a 
math educator at Michigan State University 
in East Lansing. “The country hasn't made a 
commitment to the sort of rigorous and 
demanding curriculum that is needed to fa 
achievement.” Until that happens, he say 
nothing will really change. And once it does 
the results should be obvious to everyone. 

JEFFREY MERVIS, 
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Floating laboratory. Sorceré 


uthtted PERU and freeze microbial 


netted a huge bounty af DNA sequence 


Ocean Study Yields a Tidal Wave of 


Microbial DNA 


Data glut or unprecedented science? A global hunt for marine microbial diversity 
turns up a vast, underexplored world of genes, proteins, and “species” 


After relishing the role of David to the Human 
Genome Project's Goliath, J, Craig Venter is 
now positioning himself as a Charles Darwin 
of the 21st century. Darwin's voyage aboard 
the H.M.S, Beagle 170 years ago to the 
Gakipagos Islands netted a plethora of obser- 
Vations—the bedrock fio his th 
tion, Four years ago, Venter set sail for the 
same islands and returned 9 months later with 
his own cache of data—billions of bases of 
DNA sequence from the ocean's microbial 
communities. But whether that trip will prove 
anythin 


nore than a fishing expedition 


remains to be seen. 


(On 13 March, Venter, head of the J. Craig 
nter Institute in Rockville, Maryland. anda 
bevy of co-authors rolled out 7.7 million 
snippets of sequence. dubbed the Global 
Ocean Sampling, ina trio of online papers in 
oS Biology. As a first stab at mining these 
which have just become publicly avail- 
able to other scientists, Venter's te 
found evidence of so many new microbial 
species that the researchers want to redraw 
the tree of microbial life. They have also 
translated the sequences into hypothetical 
proteins and made some educated guesses 


about their possible functions. 
Some scientists are wowed by the effort 
Others worry that researchers will not be able to 
make sense of allthis information. The diversity 
jerobes uncovered is “overwhelming. 
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tantamount to trying to understand the plot ofa 
full-length motion picture after looking ata sin- 

le frame of the movie,” says Mitch Sogin, a 
molecular evolutionary biologist at the Marine 
Biological Laboratory in Woods Hole, Massa- 
cchusetts, And Venter doesn’t necessarily dis- 
In 2004, as the data were first rolling in, 
Venter confidently predicted that his salty 
DNA survey would “providea different view of 
To make that happen, however, he 
“we need even more data 


evolutio 
now says, 


Microbial explorers. 


The big trawl 
This is the second time that the American 
millionaire genome sequencer has retumed t0 
port laden with DNA. Venter's 2004 study of 
microbes living in the Sargasso Sea was easily 
the largest DNA sequencing of environmental 
samples ever accomplished (Science, 2 April 
2004, p. 66). This time around. he sailed from 
Halifax, Canada, through the Panama Canal 
and finished up 6500 kilometers southwest of 
the Gakipagos. The funding for the $10 million 
project came from the Gordon and Betty 
Moore Foundation, the U.S. Department of 
Energy, and Venter's nonprofit foundation, The 
research vessel, the Sorcerer Il is Venter’ pri- 
vate yacht tricked out asa floating laboratory 
The researchers sampled at 41 locations, 
isolating and subsequently freezing bacterium 
sized cells. They also recorded the temperature, 
salinity, pH, oxygen concentration, and depth, 
Back at Venter's institute, technicians 
extracted and sequenced the DNA. Using a 
whole-genome shotgun approach, they shat- 
tered all the DNA in a sample into f 
of specific sizes, sequenced each one, and 


then assembled these sequences together by 
‘matching the ends of the DNA with a power- 
ap-hunting computer program, In 
principle, this approach allows the recon- 
ire genomes of the different 
organisms in a sample. 

Three years and 6.3 billion bases of DNA, 
sequence later, at least one thing is lear: The 
DNA in atypical community of marine 
microbes is so diverse that nothing close toa 
whole genome can be assembled, even with 
all the sequencing that Venter has mustered 
Half of his 7.7 million DNA sequence frag- 
© so different that they could not be 


struction of et 


‘ment 
linked at 

Nonetheless, the researchers could estimate 
the number of species in the samples based on 
slowly evolving marker genes. Judging by 
these glimpses of genomes, Venter's team iden 
tified more than 400 microbial species new to 
science, and more than 100 of those are sul 


ciently different to det 


new taxonomic fam= 
ilies, they report. “This is a great milestone 
event” for environmental microbiology, says 
Dawn Field, a molecular evolutionary biologist 
at the Centre for Ecol 
Oxford, UK... who predicts that “these papers 
will become among the most highly cited of all 
time in biology: 


Diversity deep end 
The fact that Venter's brute-force sequenc- 
ing approach fell short of capturing whole 

omnes shows that scientists are far froma 
full accounting of the species packed in a 


drop of seawater, says David Scanlan, a 


wwwsciencemag.org 


marine microbiologist at the University of 
U.K. And this “astounding” 
genetic diversity points to what Seanlan and 
others call the “paradox of the plankton.” 

Traditional ecological theory predicts 
that when multiple species compete for the 
same resources—in the case of ocean 
microbes, light and dissolved nutrients— 
then one, or a few, species should eventually 
‘outcompete the rest. If that were the ease, 
then many of the sequences plucked from the 
waters by Venter’s crew should map down 
‘onto a few dominant genomes. 

Butrather than a sharp portrait of a few dif- 
ferent microbes, the data create a pointillist 
painting of a countless mob. The vast majority 
of the microbes that found themselves snared 
in Venter’s filters were genetically unique, 
says Scanlan: “It’s a clearmessage 
that there’s a tremendous zene 
pool in the ocean.” 

‘The diversity itself could be the 
solution to the paradox, according 
to Douglas Rusch, a computational 
biologist atthe Venter Institute, and 
hiscolleagues. The staggering vari- 
ety of genes may endow each 
species with sufficiently different 
metabolic tool kts to take advan- 
tage of slghily different combina 
tions of resources, including the 
fe proxlucts of others, such that 
they can all coexist 

The newly detailed diversity 
also suggests that microbial 
taxonomy needs a major over- 
haul, says Lan Joint, a marine 
microbiologist at the Plymouth 
Marine Laboratory in the U.K. 
The current taxonomy carves 
Lup microbes into different “ribotypes” by 
‘comparing the sequence of the highly con- 
erved genes of the protein-synthesizing 

ribosome, Because there is so much diver- 
sity within the DNA even after dividing 
them into ribotypes, Venter’s team pro- 
poses to throw out ribotyping altogether. 
Instead, they are defining groups of 
microbes based on the environment in 
which they were collected and how well 
their DNA matches reference set of fully 
sequenced marine microbial genomes 
: Doing so has allowed Venter’s team to 


group sequence fragments into different 
“subtypes.” Venter’s team says that each of 

E these subtypes represents a “distinct, 

& closely related population” of microbes 

3 that fill a particular niche in their local 

S environment. However, many more marine 
microbial genomes must be sequenced to 
make this scheme work, says Joint. 


Marine data-mining 

The samples brought to port by Sorcerer II do 
more than shake up microbial taxonomy. 
Based on their best guess as to the beginning 
and end of each gene teased out from the DNA 
sequences, Venter Institute computational 
biologist Shibu Yooseph and his colleagues 
have concluded that the DNA encodes 
6.12 million hypothetical proteins. That find- 
ing almost doubles the number of known pro- 
teins in a single stroke. Italso shows that the 
end of protein diversity is not in sight, says, 
David O'Connor, a molecular biologist at the 
University of Southampton, U.K. Most of the 
predicted proteins are of unknown function, 
and a quarter of them have no similarity to any 
known proteins. Venter expects that some of 
these can be exploited to develop new syn- 


Taking stock. Sorcerer i! collected bacteria at dozens of sites in the Atlantic and 
Pacilic, particularly around the Galipagos Islands (inset) 


thetic materials, clean up pollution, or bio 
‘engineer fuel production. 

But the hypothetical proteins are already 
offering a new view ofbasic microbial biology. 
A team led by Venter and Gerard Manning, a 
‘computational biologist at the Salk Institute for 
Biological Studies in San Diego. California, 
says that the current picture of the proteins 
responsible for coordinating marine microbes’ 
gene expression and metabolism is off the 
‘mark. By comparing predicted amino acid 
‘sequences with those of known proteins, they 
found a surprising abundance of signaling pro- 
teins thought to be used only by multicellular 
‘organisms. Among the hypothetical proteins 
from their marine samples, the researchers 
found 28,000 of the so-called eukaryotic pro- 
tein kinases, as well as another 19,000 of a 
‘group that are highly similar to these kinases — 
triple the number previously known. 

These analyses of Venter’s metagenomic 
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data hint atthe work that lies ahead for protein 
researchers. “Claims by some biologists that 
complete catalogs of the protein universe 
\would be attainable within a decade now look 
naive,” O'Connor points out. 

Thus to some, the data produced by 
Venter's voyage are an exciting starting 
point for protein, gene, and microbe discov~ 
ery. I's something “people will be working 
on for quite some time,” says Howard 
Ochman, a molecular evolutionary bio- 
Jogist at the University of Arizona in Tucson, 
But for others, the value of this tidal wave of 
data is uncertain. James Prosser, a molecular 
biologist at the University of Aberdeen, 
U.K., worries that adding all of this 
sequence to the existing gene and protein 
databases could “swamp” the system, ch 
|. tering the results of searches for 
well-characterized 

To help researchers deal with 
not just Venter’s 100 gigabytes of 
sequence data but also other rele- 
vant information about a microbe's 
‘environment and location, Venter’ 
team and Larry Smarr, a computer 
scientist at the Califor Institute 
for Telecommunications and Infor= 
mation Technology in San Diego, 
have built a metagenomics version 
of GenBank, the online genetic 
database curated by the National 
Cenier for Biotechnology Informa- 
tion in Bethesda, Maryland, In 
audition to doing the typical gene 
searches and genome compar- 
isons the new system, known as 
the Community Cyberinfrastruc= 
ture for Advanced Marine Micto- 
bial Ecology Research and Analy- 
sis (CAMERA), can hunt for correlations 
between DNA sequence and environment 
for clues about co-occurring microbes, 
So far, however, CAMERA has only a few 
active users. 

A more serious drawback of Venter's study, 
says Prosser. i that the samplings do not appe 
to have been carried out with any spec 
entific hypotheses or aims in mind. The cynical 
view is that these are little more than “fishing. 
trips” he says. “There would be greater poten- 
tial for scientific advances ifmore focused bet 
terdesigned studies were carried out” 

Will the voyage of the Sonverer If live up to 
Venter’ hopes? It took Darwin 25 years after 
returning from his expedition to publish histhe- 
ory of evolution. With the three papers ot 
this week, Venter, at least, has hopped on the 
fast track. But in terms of synthesizing the big 
picture of marine microbiology, he and his col 
Jeagues are still out to sea. JOHN BOHANNON, 
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CELLULOSIC ETHANOL 


Tall order. 


Biofuel Researchers Prepare 
To Reap a New Harvest 


‘After decades in the background, technology for converting agricultural wastes into 
liquid fuels is now poised to enter the market 


When U.S, President George W. Bush 
announced an initiative in January to reduce 
U.S. gasoline use by 20% in 10 years, erities. 


could be forgiven for thi it sounded 


familiar, Presidents since Jimmy Carter 
have called for reducing U.S. dependence 
on foreign oil, But so far there’s been little 
to show for it, Shale oil, electric cars, and 


hydrogen fuel cells have all at one time or 
another had their 15 minutes of fame 
But all have failed to make a dent in U.S. 
gasoline use 

Today, biofuels are the alternatives du 
jour, with ethanol chief among them. And 
in the United States, th ym 
nnethanol. But the big hope for the field 
isa technolog 


called “cellulosic ethanol, 
\which aims to turn all kinds of plant mate- 
rial—from corn stalks and wheat straw to 
forest trimmings—into fuel. Accondi 
1 2005 study by the U.S. departments of 
Energy and Agriculture. the U.S. could 
convert 1.3 billion dry tons a year of bio- 
227 billion liters (60 billion gal- 
ons) a year of ethanol with little impact on 


mass to 


food or timber harvests and in the process 
displace 30% of the nation’s transportation 
fuel, Not bad for what amounts to a lot of 
unwanted yard waste. 
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No co 
plants exist today. Bi 


ercial cellulosic-ethanol 


despite the failures 


of previous alternative fuels, decades of 
and 


research in biotechnology, chemistry 


ofa payoff. A host of small and large 


chemical companies have ju 


ped into the 


area, propelled by recent high gas prices 
and nearly $2 billion in private and venture- 
capital funding for biofuels last year 


alone, according to London-based 
research firm New Energy Finance. A 
handful of cellulosic-ethanol d 
tion plants have popped up as a result 
And last month, the U.S. Department of 
Energy (DOE) announced awards of 


nonstra- 


$385 million for six commercial-scale 
ble 
to produce more 


cellulosic-ethanol refineries (see 
p. 1489) that are expe 
th: lons of ethanol per y 
That’s still just a small fraction of the 
Hons of corn-based 
ethanol produced in the U.S. annually. But 
confidence in the new technology is ridin 
h. Experts believe that scientific suc- 
cesses are now coming in a steady stream, 
which should progressively improve the 
technology and chip away at ethanol prices. 


SCIENCE 


“T think we will be there with 
cellulosic ethanol much more 
quickly than anybody realizes.” 
says Bruce Dale, a chemical 
n State Uni- 
versity (MSU) in East Lansin 

who has worked on ethanol con- 


Fuel versus food? 
Ethanol hasn’t always been an 
alternative fuel. Henry Ford originally 
planned to use it to power his Model T's 
Butit was quickly supplanted by cheap and 
plentiful gasoline, which packs 30% more 


energy per gallon than ethanol does, 
Ethanol began making its c¢ 


after the oil shocks of the 1970s, Brazil 
launched a national effort to convert sugar 
cane into ethanol in 1975 in hopes of 


reducing its vulnerability to high oil 
As part of that effort, the coun 
ernment required gas stations to 
fe etha 


prices 


asoline and 


ol into 


akers to sell engines 
ing on pure ethanol, As a 


encouraged car 
capable of run 
result, ethanol production in Brazil has 
Hons 
And 
ily to 


climbed steadily, from 0,9 billion g 
in 1980 to 4.2 billion gallons last year 
the price of the fuel has dropped stea 


$0.81 cents a gallon, according to a recent 
anticle by José Goldemberg, the State of 
Sio 


(Science 


Paulo’s Secretary for the Env 
9 February, p, 808). 
US ethanol producers have seen a sim- 
surge in output. In 2005, they turned 
out roughly 4 billion gallons of ethanol, or 
about 3% of the 140 billion gallons of 
soline used in the U.S. each year, Today, 
most of that ethanol is blended with gaso- 
line 
boost the fuel’s octane rating, which allows 


jonment 


ata 10:90 ethanol-to-gasoline ratio to 


ng urban 
Congress mandated 
a production increase to 7.5 billion 
ear by 2012. And the presidi 
ms to produce as much as 


smog. Two years 


Hons 


ay 1S recent 


initiative 
35 billion gallons of alternative fuels by 
2017. The European Commission too has 
called for 10° 

come from biofuels such as ethanol and 
biodiesel by 2020. 

But crops such as corn and sugar cane 
won't be enough to produce all this fuel 
According to one recent DOE study, 
in ethanol production is likely 
to top out somewhere around 12 billion 
Even if you took all the 
erted it to fuel, it only 


of its transportation fuel to 


starch and cor 
you to about 10% of our gasoline.” says Jim 
McMillan, a biochemical engineer with the 
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National Renewable Energy Laboratory 
(NREL) in Golden, Colorado. Long before 
that point, diverting too much of the corn 
erop would cause dramatic rises in the cost 
‘of the food. And even at today’s modest lev- 
els of ethanol production, a prive pressure is 
already being felt. Com prices in the United 
States hit a 10-year high of $4.47 a bushel 
($176 per metric ton) last month, nearly 
double the price a year ago, fueled in part by 
the increased demand for ethanol. 

To get past the food-versus-fuel debate, 
“you've got to get into cellulose,” says 
MeMillan, Doing so would both increase 
the volume of ethanol that can be made and 
lower emissions of greenhouse gases. 
That’s where cellulosic ethanol really 
shines, says Alexander Farrell, an energy 
resource expert at the University of Cali- 
fornia, Berkeley. In a paper published last 
year in Science (27 January 2006, p. 506) 
and in follow-on work, Farrell and col- 
leagues found that because of its high 
energy inputs, using corn-based ethanol 
instead of gasoline reduces greenhouse gas 
emissions only about 18%, With its modest 
energy inputs, cellulosic ethanol fares 
much better, reducing greenhouse gas 
emissions by 88%, 


Sweet science 
But converting cellulose to fuel is far more 
difficult than starting with simple sugar, as 
in Brazil, or corn starch, as in the United 
States, Starch is a straightforward polymer 
of glucose that is easily broken down by 
enzymes. Agricultural and forest wastes, by 
far more complex. This bio 
mass is made up of three ingredients: cellu- 
Jose, a polymer of the six-carbon sugar glu- 
‘cose that's the main component of plant cell 
walls; hemicellulose, a branched polymer 
composed of xylose and other five-carbon 
sugars; and lignin, which crosslinks the 
other polymers into a robust structure. 

To convert any source of sugars to 
ethanol. those sugars must first be made 
accessible. That’s simple in the case of 
sugar cane, where the sugar is harvested 
and made into a syrup. [t's a bit harder with 
corn grain, But there, engineers simply add 
enzymes called amylases to clip apart the 
stareh polymer into separate glucose mole- 
cules. But with otheragricultural produ 
such as leaves, stalks, grasses, and trees, 
the material must be broken down so that 
crystalline fibers made up of hemi- 
cellulose and cellulose can be digested into 
simple sugars before being turned over to 
microbes that convert them to ethanol. a 
process known as fermentation. 
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So far. it’s on this fermentation stage 
that most of the attention in the cellulosie- 
ethanol field has focused. That's because 
although yeast naturally converts glucose 
to ethanol, there are no naturally occurring 
organisms that convert xylose and other 
five-carbon sugars to ethanol. Escherichia 
coli and other organisms do metabolize 
five-carbon sugars. But instead of making 
ethanol, they naturally produce a variety of 
acetic and lactic acids as fermentation 
products. To take advantage of the sugars 
that make up s fs of plants. 
researchers needed to reengineer the work- 
ings of microbes. 

The first to do so, in 1985, was micro- 
biologist Lonnie Ingram of the University 
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In 1995, for example, researchers at NRE 
engineered a bacterium called Zymomonas 
‘mobilis to ferment xylose and other five- 
carbon sugars in addition to the six-carbon 
Sugars it favors naturally. The work has 
since been taken up by researchers at 
DuPont in Wilmington, Delaware. And last 
year, DuPont’s biofuels technology man- 
ager William Provine reported at the 
annual American Institute of Chemical 
Engineers meeting in San Francisco, Cali- 
fornia, that his group has recently come up 
with a Zymomonas strain capable of toler- 
ating up to 10% ethanol, That process too 
is on the road to commercialization, Last 
month, officials at DuPont, Broin (a major 
corn-ethanol producer), and Novozymes 


Broin Emmetsburg, lowa 
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Alico la Belle, Florida 
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‘The winners. The U.S. Department of Energy recently backed six cellulosi-ethanol refineries. 


of Florida, Gainesville, who reported that 
he and his colleagues had inserted a pair of 
key sugar-fermenting genes into the 
bacterium E. coli. The genes redirected 
E. coli’s metabolism to convert 90% to 


95% of the sugars in biomass to ethanol. 


in the final fermenting solution. Because 
the fuel must be distilled out of the sur- 
rounding water, a highly energy intensive 
process, ethanol makers strive to minimize 
the amount of distillation by using orzan- 
isms that can tolerate the most ethanol pos- 
sible. Since their early work, Ingram says he 
and his colleagues have managed to increase 
E. coli’s tolerance to about 6. thanol., 
Ingram’s strains have since been licensed to 
Celunol, which is building a |.4-million- 
gallons-per-year cellulosic-ethanol plant in 
Jennings, Louisiana. 

Other groups. meanwhile, have pushed 
to impart new talents to other organisms. 


announced that, as part of the DOE award, 
they will expand an existing corn-grain 
ethanol plant in Emmetsburg, Towa, to 
produce approsimately 30 million gal- 
ons of ethanol a year from corncobs and 
other cellulosic feedstock, 

Yeast researchers have also gotten in on 
the act. Yeast is today’s ethanol heavy- 
‘weight, given its natural proclivity for tumn- 
ing glucose into ethanol. But because the 
microbe doesn’t naturally process five- 
carbon sugars, researchers have expanded 
its abilities to it make better suited for more 
complex biomass feedstock. In 199. 
researchers led by Nancy Ho, a microbiolo- 
ist at Purdue University in West Lafayette, 
Indiana, spliced a trio of xylose-fermenting 
genes into yeast, making it the first yeast 
strain capable of fermenting xylose to 
ethanol, Since then, Ho's group has honed 
‘yeast’s ability to convert a mixture of sugars 
to ethanol through improvements that 
include enabling it to use five-carbon 
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irs other than xylose and boosting the 
speed at which the organism produces 
ethanol 


Tougher, softer, faster 
Despite their successes in coaxing organ- 
isms to convert su 

chers recognize that much work 
nains to be done. “We are still climbing 
the mountain,” McMillan says, and are “rel- 
atively low” on the slope. Forexample, yeast 
can convert a bath of glucose to ethanol in 
just a few hours, but microbes working on a 
‘complex mix of sugars can take 1 to 2 days 
to do the same thing. In a commercial plant, 
that means lower fuel output. So researchers 
around the globe are focusing heavily on 
increasing the expression of fermenting 
enzymes to step up the speed, 

Another focal point for researchers, Ho 
and others say. has been toughening up the 
microbes. “All of these strains, while they 
are good at making ethanol, their robust- 
ness is nowhere near baker's yeast [work- 
ing] on glucose,” says MeMillan. In addi- 
tion to the intolerance many orga 
have for ethanol, a wide variety of other 
compounds from broken-down biomass 


isms 


inhibit enzymes in fermentation. 

Researchers are also looking for 
improvements in other parts of the process. 
One that has come under scrutiny is the 
processing used to prepare plants 
entation. Traditionally, researchers 
rt the plant fibers by exposing 
jute acids and steam. The 
result isa soup that can then be exposed to 
cellulase and hemivellulase enzymes 
which further break fibers down into si 
ple sugars for fermentation, But acid- 
steam processing has several drawbacks. 
For one, the acid reacts with sugars, redue- 
ing by about 10% the amount of total si 
ars that ean later be fermented, MSU's 
Dale says. The acid byproducts, he adds, 
also inhibit celluloses and other key 
‘enzymes, Finally. the acids typic: 
not be recovered and used again, which 
adds to the costs 

So Dale and other researchers are now 
commercializing a process that, instead of 
acids, uses basic compounds such as ammo- 
to accomplish the job. In recent years, 
oup has developed a low-temperature 
process that readily breaks down leaves. 
‘grasses, and straws. It also allows facility 


‘operators to recover and reuse the ammonia 
and creates fewer enzyme inhibitors than do 
acid treatments, According toa recent analysis, 
by Tim Eggeman, a chemical engineer with 
Neoterics International in Lakewood, Col- 


wwwesciencem: 


NEWSFOGUS 


new agricltural-nasteto-ethanol plant in Jennings, 6 
among the fist of anew cop of cellosicethanol faites. 


brews b-t 


orado, the technique could drop the cost of 
cellulosic ethanol 40 cents per gallon, At 
least for now. however, the technique doesn’t 
work well with lignin-rich woody feedstock 
such as trees. So the hunt is still on for 
improvements in th 

A final target for many researchers lies 
inside plants themselves. Some companies 
and academic groups are working to reengi- 
neer plants such as corn, poplar trees, and 
switchgrass to boost their yields and make 
them 10 fuel. In 1999, for 
example, researchers led by Vincent Chian, 
a molecular biologist and organic ch 
North Carolina State University in Rale 
reported that they had engineered poplar 
tives with $0% less lignin than conventional 
Varieties and mo stead. Origi 
nally, that work aimed at increasing th 
cellulose content for paper production, But 
Chiang says the result is equally valuable 
for improving the carbohydrates in trees 
for conversion to ethanol. “The idea is to 
generate as much polysaccharides 
ble.” Chiang says. 

Since their early success. Chiang says, 
his group has been unable to reduce the 
lignin content below the initial 50%. More 
recently, he and his colleagues have turned 
to tinkering with genes that control the cel- 
lulose fibers within trees, aiming to reduce 
the crystallinity. Although the work is still 
unpublished, “we have altered several cellu- 
lose synthase genes and have pretty much 
figured out which are the important ones.” 
Chiang says. The hope. he says, is to make 
easier for cellulase enzymes to break down 
the polymer into glucose units during pro- 
cessing. That, in turn, would reduce the 
amount of enzymes that need to be added 
prior to fermentation and chip away at the 
overall cost. Related efforts are also under 
way to improve other potential energy 


sier to turn 


As possi- 
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crops—for example, reducing the lignin 
content and increasing the yield of grasses 
such as switchgrass and Miscanthus. 

These and other advances lead altemative- 
fuel experts to predict that the cost of cellu- 
ethanol will continue to decline, just 
the cost of as corn- and sugar cane~ based 
ethanol has, p has a new’ 
it that allows for optimization, Each one 
of them helps bring the cost down,” says 
John Pierce, who oversees DuPont's 
bio-based technologies in Wilmington, 
Delaware, Although there are no commer- 
cial cellulosic-ethanol plants today, most 
estimates put the current cost of produc- 
ing a gallon of cellulosic ethanol at 
between $3 and $4. By the time the full- 
scale production plants come on line b 
ning in 2009, that cost is expected to be 
about $2 a gallon. DOE's current gout! is to 
drop the price to $1.07 a gallon, at which 
point it will be competitive with making 
ethanol from corn, 


ess to 


Yet even if cellulosic ethanol is destined 
10 compete head-to-head with corn-based 
hanol, it is benefiting right now by being 
in the second rank. “Corn ethanol has cet= 
tainly paved the way for a lot of alternative 
says Ingram. In addition to pio 
ing the commercialization of enzymes used 
to digest starch and reducing their price dra- 
matically. corn ethanol producers have 
ated an infrastructure for handling large 
volumes of biomass and spurred gasoline 
suppliers to incorporate ethanol into their 
supply chains. Numerous U.S. automakers 
have also begun producing E85 vehicles. 
able to burn a mixture of 85% ethanol and 
15% gasoline. Cellulosic-ethanol makers 
\ill inherit this established infrastructure, eas- 
heir way into the market—and perhaps 
even helping them create the first real alterna- 
tive to gasoline. ROBERT F. SERVICE 


fuels, 
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The Uncertain Future of Research Chimpanzees 


THE OTHERWISE EXCELLENT NEWS FOCUS ARTICLE BY JON COHEN ON THE FUTURE OF 


endai 


red lab chimp” (26 Jan, p. 450) does not 
of captive chimpanzees should continue—the si 


incidence, and severity from those of humans (/). 


THE 


emphasize one compelling reason why studies 


ificant differences in their disease patterns, 


As human and chimpanzee proteins are >99" 


identical (2), it should be possible to explain some of these surprising disease differences at the 


molecular level. Thus, more studies are needed r 
hu 
example, HIV infection progressing to AIDS ar 

lar to those current 


could adopt approaches sin 


an diseases, but rather because they are surprisi 


not because chimpanzees are good models for 


ly bad models in 1 


any instances, for 


nd Pf 


Iciparum malaria. Such investigations 


results would benefit the care of both humans and chimpanzees. The NIH spent many dollars to 


sequence the chi 
die out in sanctuaries without adequate fund 
biomedically valuable benefits of the chimpanzee 


c existing captive chimpanzee population isallowed to 


F facilities for such research, some of 


1 Most 


sequencing will never be realized. 
ANT VARKI 


Distinguished Profesor of Medicine and Cellular and Molecular Medicine, Co-Dirctot, Gc oblology Research and Training 


Center, Universit of California, Sa 


90, Lalla, CA 92093, 
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MORE THAN 25 YEARS AGO, SCIENCE PUB: 
lish 
report on future US. needs for chimpanzees in 
research, which called for 300 to 350 chim- 


panzees a year and a major expansion of cap. 
tive breeding. We now know that those figures 
rated, In 1994, NIH reported 
panzee surplus and requested 
advice from the National Re- 


a 


Were exay 


search Couneil; this led to a 
breeding moratorium that 
began in 1995 

Jon Cohen's article, The 


‘endangered lab chimp” (News 


Focus, 26. 


n., p. 450) reports 
that scientists are projecting a short- 


for renewed breeding. How- 


ever, when various countries are ending chim- 
panzee research, it is time for the United 
States to follow suit 

We base this on ethical, financial, and 


scientific arguments. Chimpanzees have very 


veo scencemag crpegieters 
complex mental 2185811480 

and social needs 

that simply cannot be met in laboratory hous- 
ing. Ethically, we should not use them merely 
as a utilitarian means to an end (collec 


data) no matter how useful we think they m 


be, Chimpanzee research has produced fir less 
value to human health than scientific rheto- 
Fic commonly claims. 
Each chimpanzee bred will 
cost up to $500,000 or more for 


lifetime care. High costs stack 


the odds against chimpanzee r 


ant hu- 


rch producin 
n health benefits 
small study g 


ally due to 


oup sizes (usually two to 


four individuals) 
Scientist support for invasive chimpanzee 

eatly, We challen; 

¢ renewed chimpanzee 


research has declined 
those few who advoca 
breedi 
of appropriately sophisticated ethical and sci- 


p justify their arguments on the basis 
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entific analyses. Vague allusions to the need, 
for chimpanzees to combat some future Ebola- 


like disease do not meet the standard required, 
This is the ideal moment to phase out the 
use of this end: 


wwered species in invasive 
research and send the remaining lab 


ory 
chimpanzees to permanent sanctuary, 

ANDREW N. ROWAN 
The Humane Society ofthe Urited Stats, 2200 L street NW, 
Washington, DC 20037, USA 
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IN HIS ARTICLE “THE ENDANGERED LAB CHIMP” 
p. 450), Jon Cohen, 
describes the unwinnable dilemma presented 


(News Focus, 26 Jan, 


by the intersection of our need to conduct 


scientific research on chimpanzees to better 


understand both them and ourselves with our 


strong ethical obligation to do chimpanzees 
no harm, There isa way to recast the problem 
that will make a resolution possible 
Much of the argument for breeding 
comes from the realization that if the 


morat 


ium is not lifted, the captive 
research population will become ex- 
tinct; John Vandeberg calculates that 
by 2037 only postreproductive indi- 
Vidualls will remain, Will that mark the 
beginning of the end of captive chi 
ri 


yee research’ Only if there are no 
other chim 


wees. However, the goal 


of conservationists is to ensure large, stable 


wild populations on an indefinite basis, and 


capture of wild chimpanzees will always be 
possible (one assumes that by 2030, ava 


able methods would not be as brutal and 
\wastefiil as those of today), 

There is no need to end the moratorium 
any time soon, and with efficient, humane, 
and noninvasive use of existing individuals, 
most of the truly important biolo 
tions about our kin are likely to be answered 
Well before 2030. As for the possible epid 
ph: IFit 
happens sooner, we have sufficient numbers, 
and if it happens later, surely the compellin 
need generated by a (hypothetical) devastat- 


mentioned in the article’s last para 


¢ threat that cannot be addressed in any 
other way will justify carefully implemented 


emptions to bans on captures from the 
wild. Transfer of maintenance funds from 


1493 
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dwindling captive populations to in situ con- 
servation would ensure this option, 

There are arguments for breeding captive 
preservation of an “endangered popu- 
” is not one of them. 


Jim MOORE 


Department of Anthropology, Unversity of California, San 
Diego, La Jolla, A 92093-0101, USA. 


IN HIS THOUGHTFUL ARTICLE ON THE ISSUE 
of whether chimpanzees should continue to 
be bred fr use in biomedical research (“The 
endangered lab chimp,” News Focus. 26 
Jan., p. 430), Jon Cohen raises a critical 
issue that may have important consequen- 
ces for human welfare, Chimpanzees have 
proven to be the only animal model for the 
study of some important human patho 
gens, particularly hepatitis B (HBV) and 
C (HCV) viruses. The use of chimps was 
Vital to the development of HBV vaccines 
and is currently an important component 
of efforts to develop an HCV vaccine. As 
Cohen points out, emergence of future 
pathogens with similarly reduced host 
ranges may also provide an important need 
for chimpanzees in the future. 


The fiture availability of these animals for 
use in medical research depends on whether 
the United States continues its current mora- 
torium on the breeding of these animals. If 
this ban is modified or reversed it would also 
be essential that chimpanzees always be 
housed in social groups with enriched Facili- 
ties for play, ideally outdoors, and that when 
research studies are finished, the animals be 
transferred to outdoor sanctuaries for retire- 
‘ment in large social groups. It is also impor- 
tant that the lives and health of chimpanzees 
in research not be endangered. Fortunately, 
chimpanzees do not develop clinical illness 
when infected with the hepatitis viruses, We 
have adhered to these goals in our work with 
chimpanzees in our laboratory. Vilab Il, in 
Liberia. (This laboratory. which I headed for 
‘ears is still the responsibility of the New 
York Blood Center, not the Hepatitis Re- 
search Foundation, as stated in Cohen's arti~ 
le.) The Blood Center has decided to close it 
for future research and transfer the remaining 
animals to island sanctuaries. The reasons for 
this decision are partly economic and also 
reflect the fact that sanctuary organizations, 
‘now being sought to take long-term responsi- 


bility for this sanctuary, generally do not per- 
mit continuation of research. The Hepat 
Research Foundation, which supports research 
on the development of HCV vaccines and 
immunotherapies, would like to continue lim- 
ited but important research in parallel to the 
development and maintenance of the sanct 
Such research would not need to involve the 
sanctuary animals, as chimpanzees that have 
been held as pets in Liberia or confiscated by 
the wildlife authorities are available and would 
havea better future ifthey passed through Vilab 
Mon the way to retirement in the sanctuary. 
Only a very small number of chimpanzees 
are needed to provide preliminary evidence of 
-y of an HCV vaceine, If 
such studies cannot be done, large and very 
costly human clinical trials would be required, 
Without prior indications of effi 
didate vaccine, funds for such trials would be 
difficult to obtain, and thus the development of 
aan HCV vaccine may be delayed for decades, 
‘ALFRED M, PRINCE 
Chairman, Hepatitis Research Foundation: formerly Mead, 
Vib i, and Member ofthe Lindsley F Kimbal Research 
Institute of the New York Blood Center, 310 East 67th 
Stree, New ork, NY 20021, USA. Emal:amprinceO0@ 
epteline net 
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Wvory-Billed or Pileated Soalwing Tenivey ied wood atch video eld 33.3, Flap et 
ene fan ivory-billad we al. created a montage (fig. 18 of the 


Woodpecker? pecker specimen wit of Respanse) trom photographs ol a 


trees. About 60% of the black mounted woodpecker specimen and 
OUR DETAILED ANALYSIS (D.A. SIBLEY ETAL, forewing (~13% of the w tupelo trunks. The specimen was pho- 


“Comment on ‘Ivory-billed woodpecker length) was omitted. as i hidden i tographed from the side and leaning 
(Ganpaphtea principal) pastes ine ay eae PP events ss oe, an range 
rental North America, Technical Comments, vetions (/) Brent ume that proposed in (2) and 
17 Mar, 2006, www.sciencemag.org/cgi/ By this new reconstruction, with 4 implausible because it would be diff 
contenv full/3 11/5767/135Sa] showed that a foreshortened wing and hidden cult for a bird in this position to cling to 
bird videotaped in Arkansas (/) cannot be an “wrist,” the putative “wrist-to-tail- the trunk. Our sketch shows the entire 
ivory-billed woodpecker and is consistent tip” measurements in (1) would specimen, Inducing omied parts of 
the body and wing “behind” the tr 
only with pileated woodpecker (Dryncopus have underestimated the true dis- Sra aes pee ee 
pileaus) The Response J.W. Fitzpatrick eral, tance: yet, those measurements Lcooeyl st oheplerot inetd 
“Response to Comment on ‘Ivory-billed — matched “the upper range forivory- video field 33.3 (blue shading) nor the 
woodpecker (Campephilus principalis) billed woodpecker” (/). Extra Fete oth ciel uae Wit Pees 
persists in continental North America,” polati ts that the true (orange lines). 
Technical Comments, 17 Mar. 2006, www. measurement would be too lange 
sciencemag.org/cgi/conteny/full/311/  foran ivory-billed woodpecker. This under- et a, models of bird flight, in which a fap- 


5767/15 


sb) fa ibility of various reconstruc- bird viewed from behind can show the 
points—black secondaries evident on the tions of posture—“perched” (2) or 


ht” (/)—and co 


led to refute our primary — mines the plai 


us simultaneously, are 
upper wing, brighter white at primary bases, (0 take Mi sequently the supported by photographs. shown in our 
anda black band curving smoothly around the claim that field 33.3 shows white on the — Comment, research (3-5), and video (6, 7) 


Wingtip—and instead disputed secondary _ bird's dorsal wing surface. We maintain that The underwings of a pileated woodpecker 
parts of our analysis, this white patch represents the underside of a sr mostly white in video (6, 7) 

A photomontage (fig. 1B inthe Response) spread wing. estive” audio recordings [Fitzpatrick 
that superficially matches video field 33.3 Contrary to the Response of Fitzpatrick er als Response; (8)] remain inconclusive, as 
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do other lines of evidence (e.g., sightin, 
Wingbeat rates). Thus, no published eviden 
confirms the claimed rediscovery of an ivory- 
billed woodpecker. 
DAVID A. SIBLEY,? LOUIS R. BEVIER,? 
MICHAEL A, PATTEN,? CHRIS S. ELPHICK* 
Post Office Box 1031, Concord, MA 02742, USA. 
Department of Biology, Colby College, Waterville, ME 
(04901, USA. ‘Oklahoma Biological Survey and Sutton 
‘ian Research Center, Unversity of Oklahoma, Norman, 
(OK 73019, USA ‘Department of Ecology and Evolutionary 
Biology, Universiy of Connecticut, Strs, CT. 06269, USA. 
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Response 
WE DISAGREE THAT SIBLEY £7 AL. SHOWED 
that the bird in the Luneau video “is consistent 
only with a pileated woodpecker (Drvocopus 


pileatus):” We showed their analysis and 
assumptions to be flawed or lacking on many 
counts in our previous Response. We refuted 
their primary points regarding putative pre: 
ence of a black trailing edge and rounded 
black wingtip. Moreover. an impression of 
ter white near the primary bases is not 
diagnostic for pileated, as the primaries are 
also basally white in most ivory-billed wood- 
pecker specimens. 

We presented a photomontage to illustrate 
that a lateral view of an opening wing of an 
ivory-billed woodpecker launching off t 
trunk can produce a black-and-white pattern 
similar to that in field 33.3 of the Luneau video. 
We did not intend the montage to be a precise 
‘match for wing angles and body position of the 
bird in the video, because (i) these parameters 
«cannot be determined precisely from the video, 


and (ii) no photographs or mounts are available 
to illustrate an ivory-billed woodpecker 


itis opened during launch. Even if field 33.3 
does depict the underside of the bird's wing as 
proposed by Sibley er af.. the absence of a 
‘broad black border formed by dark primary and 
secondary feathers on the distal and posterior 
portionsof the wing renders t inconsistent with 


pileated woodpecker, 

We do not dispute that “[tJhe undenwings of 
a pileated woodpecker can appear mostly 
white in video.” Rather, we note that (i) all 
such videos also reveal black trailing edges, 
contrary to the Luneau video, and (ii) many 
fields in the Luneau video reveal the dorsal, 
not ventral, wing surface, and these also show 
extensive white along the trailing edge. 

We continue to regard all aspects of the 
Luneau video as fully consistent with ivory 
billed woodpecker. 

JOHN W. FITZPATRICK,* M. LAMMERTINK,? 

M., LUNEAU, ? K. V. ROSENBERG,* 

T.W, GALLAGHER, R. W. ROHRBAUGH? 

‘cornell Laboratory of Ornithology, 159 Sapsucker Woods 

Road, Ithaca, NY 14850, USA. ‘Department of Eng- 

ineering Technology and. Department of Information 

Technology, Unversity of Arkansas at Little Rock, Lite 
Rock, AR 72204, USA. 
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a) 


Karolinska Institutet in Stockholm, b 
also was quite interested in the new NASA 
“Scientist as Astronaut” Program in Hou 
Seeking guidance, wrote to 
and, much to my st 
ately. “There will be no manned mission to 
Mars forat least 40 years.” he wrote presciently 


oshua Lederberg 


prise, he replied immedi- 


So, [followed his advice and went to Sweden, 
but still regretted not being able to "see tht first 
cell on Mars, under the microscope 

We have learned so much about our 
immediate extraterrestrial environment 
in these 40 years, virtually all of it through 


instrumentation in spacecraft, not via man: 
ned flights, Yes, we now suspect that there 


lifes” A. Lawler, News Focus. 19 Jan.. p. 


8). Such subversion of our wonderful 


quest for life beyond Earth may bri 


United States some 


but it has no 


international br: 


place in legitimate inquiry in 
most challen 


perhaps the 


ing question facing mankind, 
‘BRUCE MOLHOLT 


Department of Environmental Studies, University of 
Pennsylvania, Philadelphia, PA 19104, USA 
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Response To Comment ON “Global 
Genetic Change Tracks Global 
Climate Warming in Drosophila 
subobscura” 

Joan Balanya, Josep M. Oller, Raymond B. Huey, 
George W. Gilchrist, Luis Serra 


Rocrigues-Telles and Rociguer advexate tandardiing 
te rater than by calend 
of our samples were biased by inap- 


also propos that som 
timing 


spec lementaton alters photoperiodic cues. 
Their ser id, but ow conclusions are robust 
Observed genetic changes reflect global warming, notsam: 


Full text at wn sclencemag.orgfeglcontentull315/ 


Drosophila subobscura” 


Francisco Rodriguez-Trelles and Miguel 
Angel Rodriguez 


may have been life on Mars in the distani 
past, Lakes of methane on Titan and a liquid 
Earth’s on 


ocean five times the volume 
Europa beckon, But these are much more 


Balanydetol. (Reports, 2 Se 


accessible and economically viable via 


instrument probes rather than sending phisms of Drosophila subobscura are rapily evolving in 
‘manned missions into space esponse to global warming. However, that conclusion i 


Our splendid and. productive Astro- nei ata, because they ov 


biology Program may succumb to wrong: 


headed administrative directives that have ng approx 


ho scientific m 
Mars and bey 


nd put humans onto swum sciencemay,onptgitontenthl/315) 
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From Gombe to the World 


Meredith F. Small 


‘er image is imprinted in our minds. 
H: willowy young British woman 

with the blonde ponytail, She's stand- 
ing in the forest with a wild chimpanzee sit- 
by her side. a hairy hand tentatively reach- 
ut to touch her khaki shorts, 

Jane Goodall is, by any standard, an icon, 
And what makes her life story so interesting is 
that she achieved her iconie status not by 
being a movie star or a politician but by work- 
ing really hard at issues she believes in 

In kame Goodall: The Woman Who Re 
defined Man, Dale Peterson (a lecturer in Tufts 
University’s English Department) provides an 
exhaustive chronology of her life to date. She 
was bom in 1934 as Jane Morris- 
Goodall. Her father was a race car driver for 
Aston Martin; he, too, loved to be on the go. Her 
mother, Vanne, came from a strongly matriar- 
cchal family that was.a stable foundation durin 
World War Il and as the Morris-Goodall mar- 
riage fell spart, Vanne and her two daughters, 
Valerie Jane and Judy, took up permanent resi- 
dence at her grandmother's house, The Birches, 
in Bournemouth in 1940 and never left. 

We read biographies to find out what 
. but nothing in 
nds out, She was 


Valeri 


makes someone spe 
Goodall’s early years st 
educated locally and went to secretarial 
school rather than university 
She had no economic advan- 
tages and was neither pushed 
by her 
surmounting s 
disaster, Goodall was just a 
normal girl who liked nature 
and boys. Her early adulthood 
Was apparently a social whirl 


Jane Goodall 


nor formed by 
ne personal 


by Dale Peter 


where everyone was “mad,” in 
her words, and that was a 
compliment, She also attracted a bevy of 
men and was engaged to several. But she left 
them all in her dust when she sailed for 
Africa in 1957. 

t journey, perhaps, lie the keys 
to Goodall’s unusual life. She had always 
dreamed of Africa, and she saved diligently 
for the trip. She also took advantage of an 
invitation from a school chum to visit Kenya, 
In 


and her mother encouraged her to 
other words, Goodall was persistent in her 


The reviewers tthe Department of Anthropotony, Comell 
Univesity, ithaca, NY 14853, USA Emait m32@ 
cotnelLeds 
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goal, embraced risk, and had the full support 
of her fami 

During her life, Goodall continued to leap 
into new situations, persisting where others 
‘would have run away and usually altering her 
ample, 
Goodall accepted emplayment with the noto- 
riously lecherous Louis Leakey at the Kenya 
National Museums and not only foiled his 
andor but managed to turn Leakey into a pil- 
lar of support. Later, to gain funding from 
Stanford U scepted the transfor- 
‘mation of her small, personal, study site into a 
major research station, and she accepted that 
change wholeheartedly. 

Through all these changes, Goodall wrote 
copious letters home, and her mother and si 
ter came regularly to Affica and stayed for 
‘months. When she accepted Leakey’s offer to 
Watch chimpanze 


circumstances as she went. For ¢ 


versity, she 


in the wild. a venture most 
Women would fear, Vine came along. And no 
matter the pull of Africa, Goodall stayed 
decidedly connected to England. She gave 
birth to her son in London, sent him to school 
in Bournemouth, and to this day spends time 
at The Birches. 

Her family provided a stability that was 
often n in Africa. Goodall and her first 
husband, wildlife photog 
Lawiek, divorced. Her second 
husband, Derek Bryceson (the 
director of Tanzania’s National 
Parks), died afiera long illness 
Both of these men were appar- 
drawn to Goodall’s zest 
for life and her dedication 
mpanzees, and yet they 
both jealous of that com- 


mitment and tried to control 
her. Goodall was conflicted 
about motherhood and career. a situation 
familiar to any woman who has a life outside 
the home. And her work life was plagued by 
financial woes. funding for Gombe, and con- 
stant demands on her time, especially once her 
fame grew to international proportions. 

But Goodall is a master at rising to the 
occasion, especially when she believes in a 
cause. In the late 1980s, Goodall reinvented 
herself after seeing chimpanzeesin deplorable 
captive situations. Suddenly, she was ona mis- 
sion from God not to just watch chimps, but to 
save them. That mission quickly translated 
the world by spreading her own 
brand of conservation and hope. 


itis ea Naed 
On a path at Gombe. A frame from the 1965 
CBS/National Geographic special "Miss Goodall and 
the Wid Chimpanzees.” 


Goodall now travels around the world, 300 
days a yee 
la 
researche 
Goodall is harder to understand. Peterson pre- 
sumably had easy access to his subject—he has 
coauthored a book with Goodall (/) and edited 
two volumes of her leters (2, 3)—but for these 
later decades he seems to have access only to 
her airline mileage summaries. Why, readers 
might well ask, does a 70-year-old woman 
on the run’? Peterson only over= 
nswerto this question: “There's 


ving talks and accepting acco- 
ides, Whereas her early years asa chimpanzee 


to follow, this more recent 


choose a lif 


hears her terse. 


so much to do: 

Pe count includes few direct 
quotes from Goodall, but no wonder, Her 
thoughts and feelings can be found in the two 
“autobiographies in letters” she has pro= 
duced with the author as well as several well- 
\written personal accounts of her researches 
and experiences. 

Also missing from this biography is any 
criticism, Peterson is a fan and apparently 
reluctant to interview anyone besides other 
fans, In actuality, colleagues of Goodall have 


complained that she has been given more 
credit than is due for her work on chimpanzees 
and that she quickly abandoned fieldwork for 
the publ 
misguided to some. They wonder why she is 
using funds to build chimp sanctuaries for a 
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instead of ensuring the preset 
tion of whole habitats for groups of chimps. 
But Goodall has alway's been an iconoclast 
who follows her heart. From the start, she 
forged a path like no one else, and her lasting 
accomplishments are many. Goodall estab- 
lished and maintained the longest-running 
chimpanzee field site in the world, She hired 
Tanzanians as observers before others hired 
Africans. She welcomed students and col- 
leagues to her study area, thereby producing a 
copious database on the Gombe chimps. She 
has contributed much of what we know about 
chimpanzees and their behavior, including 
that which may be reflected in human evolu: 
tion, These days, Goodall’ activism for con- 
servation, especially her Roots and Shoots 


And in that influence lies Goodall’s most 
important contribution, For over half a cen- 
tury, she has been a mentor to young people 
especially young women. Thousands of girls 
have said to themselves, “Lean do what want 
with my life because Jane Goodall did it” For 
that alone, she deserves her status as icon 


References 

1. Peterson |. Goodall, Visions fCalibon: On 
Chimpanaees ond Prope (Houghton Mili, Boston, 
1993). 

2. |. Goodall, Afi in My Bload: An Autobiography in 
{Letters The Early Yes, . Peterson, &4. Moughton 
‘lin, Boston, 2000) 

3, |. Goodall, eyond innocence: A Autobiography in 
Letters The Lote Yeos, . Petersen, KB. Moughton 
‘mili, Boston, 2003), 


10.1126hcence 1136574 


MUSEUMS. 
PALEOANTHROPOLOGY 


Our Branch in the 
Tree of Life 


R. Scott Winters 


t Laetoli, Tanzania, (just south of 
Africa's Great Rift Valley) in the 
1970s, Mary Leakey uncovered one 


Of the mos significant insights into our prehis- 


tory: tWo sets of ancient, human footprints. 
The 3.5-million-year-old volcanic ash cap- 
tured a snapshot of the morphology and behav 
ior of our distant ancestors. Two individuals, 
clearly bipedal, had been walking side-by- 
side across the landscape where humanity's 
genome took shape. In recent years, our under- 


The reviewer is in the Division of Oncology, Children’s 
Hospital of Philadelphia, 34th Street and Civic Center 
Boulevard, Philadelphia, PA19104, USA. E-mail: winters@ 
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standing of human origins has been prog 
sively refined due to an increasing number of 
‘multidisciplinary advances. Our attention on 
human identity has shified 
from where have we come 
from to how did we get here. 

The Anne and Bernard 
Spitzer Hall of Human Or- 
igins opened last month at 
the American Museum of 
Natural History. A sweeping 
and expansive look at human 
evolution, the hall braids to- 
ether the complementary 
and mutually reinforcing 
evidence from the fossil rec- 
ord and genomic studies. The permanent 
exhibit is expertly curated by two of the 
museum's preeminent researchers, paleo- 
anthropologist lan Tattersall and genomics 
chet Rob DeSalle. 

In recent years, our knowl- 
edge of humanity's origins has 
changed dramatically and at 


Rob DeSall 


fe 


an accelerating pace. Remain- 
ing current with the breadth and 
depth of this research is an enor- 
‘mous challenge, and a museu 

that wants to maintain timely and 
relevant displays faces substan- 
tial difficulties. Impressively, 
the Hall of Human Origins is 
designed to evolve along with 
‘our understanding of its subject, 
enfolding new discoveries and 


interpretations as they become 
available, Replacing the museum 
earlier Hall of Human Biolog 
and Evolution, the new 9004 
sqquare-foot exhibit is intended to 
be dynamic. It includes a mult 
media “Science Bulletin” that 
changes regularly to present cur- 
ent research and a hands-on 
educational laboratory. These 
aspects are made possible by an in 
albeit rare. endowment for contin 
tionsto the hall 

Visitors entering the exhibit first 
counter an iconographic interpretation of 
‘humanity's place in the world. A human skele- 
ton stands between our nearest extant and 
extinct relatives. respectively a chimpanzee 
and a Neandertal. Behind the skeletons is a 
large. offset panel that collectively functions 
asa single screen that displays high-definition 
Video of fertilization, cellular development 
and dividing chromosomes. This arresingly 
beautiful entrance elegantly conveys the 
themes of the exhibit while simultaneously 
acknowledging and reinterpreting a classic 
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image from the former hall 

The exhibit is divided into three thematic 

The first, Understanding Our 
Past, explores in some depth how 
different types of evidence inform 
our understanding of human evo- 
lution, Visitors staying to the left as, 
they enter the hall explore the world 
of genomic data, whereas those 
keeping to the right investigate fossil 
evidence, One of the highlights 
e sample of 
ndertal DNA 
donated by the Max Planck Institute 
for Evolutionary Anthropology (Mu- 
nich, Gi 
vestigative paths reinforces a core theme that 
contemporary humans are part of 
tionary continuum, as shown by genetic and 
morphological similarities. This presentation 
forces visitors to confront the problem of 


sections. 


many), Each of the two in- 


n evolu 


nd their similarities 
and differences become increasingly ambigu- 
ous. At the end of this first section, th 
lines of evidence converge into an eleant dis- 
play where Buffon’s classic argument for 
homology (illustrated via morphological sim- 
ilarities of the skeletal forelimb in mammals) 
is coupled with information about the genetic 
underpinnings. The display clearly yet subtly 
illustrates how evolutionary studies are in- 
formed by studying characteristics shared 


among organisms, 

Within the exhibit, the middle section 
is the most expansive and impressive. The 
History of Human Evolution displays more 


1499 


1500 
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than 200 casts of remarkable hominid fossils 
andantfacts. Centered in the room's entrance is 
‘one of the hall's most powerful presentations: 
‘an Australopithecus couple walking together 
i ng behind the Laetoli trackway. Museum 
visitors may remember this pair from the for- 
mer hall, but the reinterpretation provides a 
fresh and dynamic perspective. The figures are 
joned at floor level to provide a clear but 
disturbing perspective on the fragility of these 
wais-high relatives of ours. Another represen- 
tative of the genus is presented immediately 
behind the pair, a cast of the remarkably near 
complete 3.18-million-year-old “Lucy” from 
Ethiopia's Afar Depression. 

‘Also retained trom the former hall are 
three habitat tableau ‘are augmented 
by anew, fourth diorama of early hominid life 
‘The juxtaposition of these old and new inter 
pretations illuminates the extent of changes in 
‘our understanding of human origins and more 
importantly, our sensibility about humans’ 
place within the tapestry of life. The 
three original vignettes (Neandertal, Homo 
engaster, and Cro-Magnon) presented our 
ancestors as conquerors of the wilds: using 
tools to prepare a hide, butchering a carcass, 
and building a shelter made of bone and 
tusk. The new vision of our ancestral world 
depicts a hyena poised to attack a crouching 
“Peking Man” (Homo erectus). Itis a clear 
and accurate reminder that for most of the 
history of our lineage we have been prey 
rather than predator, 

Other highlights of the exhibit include 
44 complete interpretation of a Neandertal 
skeleton, derived from the combination of six 
different individuals across four continents. 
Also presented are casts of very contempo- 
rary—and sometimes controversial 
mens stich as the reconstruc 
floresiensis, the “Hobbit” from Indonesia. 

After they survey the evidence for the 
course of our lineage’s evolution, visitors are 
confronted with the titular question of 
the exhibit’ final section, What Makes Us 

g Human? Throughout the hal’ earlier sec- 
tions, they encountered examples of the 
apparent disparity between our intraspecies 
differences and interspecies similarities. As 
a result, it appears that what differentiates 
humans are our behaviors, stich as ereativ 


‘The discourse in the section focuses on the 


art, and tools in 


f of language, music 

i humans, It presents the defining achieve 
ments that we frequently attribute as unique 

$ t0 Homo sapiens. However, any distinctive 


ness anchored on such achievements is 
undermined as examples found in other 
organisms show that these, too, are part of an 
evolutionary series. This final section reveals, 


just how little we know about the cognitive 
nature of our species and the void waiting to 
be filled with future research, 

With the display of some 200 casts, diora- 
mas, and artifacts, it would be easy for the 
exhibit to overwhelm visitors and confuse 
their interpretation of the course of human 
evolution. However, the hall’s presentation 
and exceptional curation continuously rein- 
foorce a central, albeit complex, theme: evolu- 
tion is an experimenting process of variation 


Antarctic Fishes. 


tant for their ecologic or scien 
tific roles—e.g., as prey for 
higher predators or asthe sub: 
ject of studies of adaptations 
to life in very cold waters. For 
‘each, the authors provide a 
brief description that covers 
the fish’s habits and distribu: 
tion and usually mentions 
interesting aspects of its ecol: 
‘ogy oF physiology. Each is 
depicted in a full-page illus 
tration, Nagase created these 
delicate, detailed fish rub: 
bings by molding a moistened 


‘The Shock of the Old. 


sheet of paper over a specimen and dabbing colored inks onto the paper using a silk-covered 
wad of cotton. The widely distributed icefish Neopagetopsis fonah (above), which tives at depths 
‘of 20 to 900 m in the sea-ice zone encircling Antarctic 
that for some time it was known only from specimens obtained from the stomachs of sperm whales, 


Technology and Global History Since 1900. David Edgerton. Oxford University Press, New York, 
2007. 288 pp. 526. \SBN 9780195322835. Profile, London, £18.99. ISBN 9781861972965. 


‘Most histories of technology and considerations of the interaction of technology and society stress 
invention and innovation. Thus accounts of the 20th century typically progress from automobiles, 
airplanes, and radio through rockets, nuclear power, and computers to today’s frontiers of infor 

mation, biotechnology, and nanotechnology. In opposition to this future-focused approach, 
Edgerton offers a convincing case that we ought to pay far more attention to what people actually 
Used and still use. He notes the staying power of older technologies—such as spinning wheels, 
rickshaws, mosquito netting, chemistry, and corrugated iron—that continue to serve crucial func: 

tions around the globe. He argues that histories usually fail to recognize the great variety of novel 
technologies, overestimate the rates at which they achieve their impact, and often misinterpret the 
nature of that impact. Among the many other thought-provoking conclusions in this fresh and 
accessible account: the eclipse of individual inventors and mechanical invention by high technolo 
‘ies has been exaggerated: universities have had and stil have only 4 marginal role in inno: 

vations; most of the income U.S. universities make from intellectual property stems from federally 
funded medical research rather than patented innovations. 


coupled with selection. As a result, modern 
humans are a mosaic of traits that arose, and 
are exhibited, across various ancestral groups, 
which themselvesare chimenas of characteris- 
ties. The Hall of Human Origins offers 
another excellent example of the American 
Museum of Natural History's ability to inter- 
pret difficult and complex subjects in ways 
that the general public will find both ap- 
proachable and enjoyable. 

oan26icience3140474 


Illustrated in the Gyotaku Method by Boshu Nagase. Mitsuo Fukuchi and Harvey }. Marchant. Johns 
Hopkins University Press, Baltimore, MD, 2007. 136 pp. $45. ISBN 9760801886102. Rosenberg, 
Kenthurst, NSW, Australia, 2006, £23.99, AS59.95. ISBN 9761877058462. 

‘Most fish from Antarctica and the surrounding Southern Ocean are familiar to only a few 
researchers and commercial fishers. Rather than a comprehensive survey of these often endemic 
‘species, this book focuses on 54 examples that are readily available, taken commercially, of 
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Return of the Population 


Growth Factor 


Martha Campbell,’* John Cleland Alex Ezeh>Ndola Prata’ 


cademic analysts, the news media, 
and the international community 
hhave frequently engaged in divisive 


debates over population and internation: 
family planning, with periods of attention 
funding followed by years of neglect, particu- 


larly in the last decade. On 31 January, the AIL 
Party Parliamentary Group on Population, 
Development, and Reproductive Health of the 
UK. Parliament (the group) issued a report 
Return of the Population Growth Factor: Its 
Impact upon the Millennium Development 
Goals (MDGs) (7). The report, the product of 
extensive hearings and analysis of written and 
verbal testimony ni 
dence that “the MDGs are difficult or impos- 
sible to achieve with cur 


cited overw x evie 


levels of popula 
tion growth in the least developed countries 
It recommends a substantial 


and regions. 
increase in support for international family 
planning, particularly for the 2 billion people 
currently living on less than $2 per day. The 
Feport does not argue that population is the 


only, or even the leading, factor in achieve- 
ment of the MDGs. Instead, it presents a com- 


pelling case that continued neglect of family 
planni 
‘undermine crucially important 


in developing countries will severely 


The Population Pendulum 
Inthe 1960s and ‘70s, many developing co 


tries adopted national population policies and 
Althoug 
Asian policy initiatives incorporated coercive 


family planning services, h some 
clements, most family planning efforts were 
entirely voluntary and proved remarkably sue- 
cessful, Initiatives relied on both public and 


private sectors to provide modern methods 
from voluntary sterilization to condoms, with 
appropriate information, Between 1960 and 
2000, the percentag 
developing countries usin 
jumped from <10% to 60%, and total fertility 
rates fell from six to about three (2). 


of married women in 


traceptives 
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Despite these successes, surveys 
continued to indicate that many women 
in developi ied to space 
their children or limit childbearing alto- 
I did not have access to 


sountries wi 


nost effective contraceptive meth- 


‘ods, When the world’s scientific acade- 
mies, including the American Academy 
of Sciences and the Royal Society 
of London, gathered in New Delhi in 
1993, they concluded that "humanity is 
approaching a crisis point with respect 
to the interlocking issues of population, 
environment, and development.” The 
should be 
to reach zero population growth within 


academies agreed, “the 


the lifetime of our children” (3). 

The United Nations 1994 Inter- 
national Conference on Population and 
Development (ICPD). held in Cairo, 
noted the need to slow population 
g countries, but the 
emphasis of their Programme 
‘of Action (PoA) was on holistic ap- 
proaches to reproductive health, Many 
yen’s advocates at the ICPD criti- 
cized promotion of family planning t© 
reduce population growth as inherently 
coercive, The PoA estimated that by 
2005 the cost of meeting the broad 
enda set out at Cairo would be $25 
billion annually (adjusted for inflat 
with one-third to be provided by int 
national donors. It was a bold 


but it acked sufficient politic 
Many of its 


als proved ut 
resource-poor settings, whereas attention to 
family planni yored. By 2004, 
the investment by developed countries in 
international family planning had fallen to 
13% of the target set by the ICPD (4). 


Population Growth and MDG Goals 
The evidence provided and analyzed in () 
included the following points. 

MDG 1: Eradicate extreme poverty and 
unger. It will be almost impossible to reach 
the target of halving the number of people liv- 
ing on less than $1 a day by 2015 witho 
large-scale recommitment to family planning 
In sub-Saharan Africa, partly as a result of 
rapid population growth, the number of peo- 
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The Millenium Development Goals set by the 
United Nations cannot be achieved unless 
family planning is made easily available in 
the lowest-income countries. 


ple living in extreme poverty rose from 
million in 1990 to 318 million in 2001, The 
UN. Population Fund (UNFPA) pointed out 
that almost 1. billion young men and women 
will enter the 
between 2000 and 2015, and if they don't find 
jobs “they will fuel political instability." (3). 
MDG 2: Achieve universal primary educa- 
tion, Noluntary limitation of family size isalso 


essential for developing countries striving to 
meet the MDG of eliminating gender dispari- 


ties in primary 
2015. Childre 
girls, are less likely to enter school, more 
likely to drop out, and are sick and hungry 
more ofien than children from small families 
in the same community. In the poorest coun- 


nd secondary edueation by 
in large families, especially 


The crisis in Niger. “Niger's population is set to increase from 
14 million to 80 million in 2050 if current fertility remains the 
same—an unimaginable scenario in a country already unable to 
feed itself, facing widespread destruction of local ecosystems 
through over-grazing, continued mass poverty, underemploy- 
‘ment and massive dependence on international aid, 
= out massive investment in family planning programmes, the out 
look is bleak.” (6) 


50, with 
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tries as a whole, two million additional school- 
teachers are required each year to keep up 
With population growth and to maintain the 
current, inadequate levels of primary educa- 
tion. Uneducated girls marry earlier and tend 
tw have more unintended pregnancies, setting 
up a pemicious cycle of sexual inequality and 
high fertility (). 

MDG 3: Promote gender equality and 
empower women. The ability to choose if and 
‘whento havea child is central tothe autonomy 
of women, Sir David King. the Science 
Adviser to the U.K. government, told the 
group that with respect to fertility decline, 
‘There is little doubt in my mind that female 
‘empowerment to control fertility is a key part 
‘of that equation.” (7), 

MDG 4: Reduce child mortality: Given the 
same level of health care, a child born less 
than 18 months after an older sibling has a 
death rate two to four times that ofa baby born 
afler a 36-month interval (8). An estimated 
‘one million infant deaths a year could be pre- 
vented ifall births were spaced a minimum of 
2 years apart, 

MDG 5; Improve maternal health. The 
expansion of the health infrastructure to meet 
the needs of women in childbirth cannot keep 
‘up with the growth ofthe population as long 
as fertility is high. Family planning saves 
‘women’s lives by reducing unintended preg- 
nang and unsafe abortions, and it is esti- 
‘mated that improved access to family plan- 
ning could prevent 150,000 maternal deaths 
each year (9), The proportion of potentially 
fertile women who want no more children or 
‘wish to postpone the next birth for at least 
2 years, but are not using contraception, 
execeds 20% in 24 sub-Saharan nations and 
30% in nine of these countries (10). 

MDG 6: Combat HIV/AIDS, malaria, and 
other diseases. Family planning, by prevent- 
ing unintended pregnancies in the first place, 
is the most cost-effective way of reducing 
mother-to-child transmission of AIDS. In 
1 year, even the low use of contraception in 
sub-Saharan Africa prevents over twice as 
‘many eases of maternal-to-child transmission 
of HIV than the cumulative total of eases 
prevented by antiretroviral therapies (170,000 
8 versus 65,100) (//). Condoms are now 
the most popular method of contraception 
among sexually active single women in 
Africa and Latin America (2). However, the 
difference between the number of condoms 
needed in Africa and the supply is roughly 1.9 
billion a year (/2). 

MDG 7: Ensure environmental sustain- 
ability, The roots of environmental degrada- 
tion are found in consumption pattems among 
the world’s economic powerhouses and rising 


demands of growing local populations. For 
example, burgeoning demand for goods in 
North America, Europe, and China leads to 
deforestation in Brazil and Africa, but so do 
the needs of subsistence farmers to feed their 
large families. In oral evidence, Sir David 
King noted that, “the massive growth in the 
human population through the 20th century 
has had more impact on biodiversity than any 
‘ther single factor” (7). 


Population Momentum: 

The loss of attention to population has created 
formidable problems for the future. Some 
‘countries are undergoing explosive and possi- 
bly unsustainable population growth: Niger 
with 15 million today could hit 80 million in 
2050, and A fahanistan could grow from 30mil- 
lion to 82 million. In 1950, Sri Lanka had the 
same population as Afghanistan, but it imple- 
mented @ realistic set of fertility regulation 
choices, and as a result it will have one-quarter 
the population of Afghanistan a century later 
(13). 1n 1970, there were S million more people 
in Bangladesh than Pakistan, but Bangladesh 
focusedon making family planning available in 
‘culturally acceptable ways, while Pakistan did 
not. Asa result, by 2050 Pakistan will have 62 
million more people than Bangkidesh (/3). 


Next Steps 
‘Much is known about ways to support govern- 
‘ment, nongovemmental organization, and pri- 
vate sector initiatives to make family planning 
widely accessible t low cost (14, 15), Perhaps 
the most urgent need is to remove the barriers 
to access that are not based on any evidence 
and that so often prevent the adoption of 
modern methods of family planning (/6). In 
Ethiopia, only physicians and nurses are 
allowed to provide injectable contraceptives, 
making them inaccessible to the very large 
number of women who prefer this method 
above all others. Injectables are the second 
most commonly used contraceptive method in 
Africa. after the pill. They are not as cost-effec- 
tive as IUDs, but IUDs are unpopular, OF 
‘course, strict control of needle contamination 
is needed. In some pars of Africa, women who 
do manage to get to a family planning clinic 
are turned back unless they are menstruating, 
that day (6). Family planning elinies in north- 
‘em Pakistan refuse Afghan refugees contra- 
ception unless their husband gives permission, 
‘even though women with economic means can 
buy the same products in the local bazaar with- 
‘out any intrusive questions asked (/6). 

The most-needed contraceptives are off 
patent and low-cost, but even so, supplies 
‘often dry up. In Ghana, 10% of service deliv- 
ery points were out of contraceptive pills or 


‘condoms at least once each year in the late 
1990s, and in Tanzania it was 27% (17). More 
than S1 billion per yearisneeded in support of 
‘contraceptive supplies for low-income coun- 
tries, but actual support from donors is in the 
$200 million per year range (4). One possibi 
ity that was brought up in the hearings is that 
China, with its high-volume manufacturing, 
‘capacity, might supply an increasing propor- 
tion of the pills, condoms, and injectable con- 
traceptives for the developing world, 

Between 2005 and 2050, the world popula 
tion is projected to grow by 2.6 billion—a 
number roughly equal to the total global pop- 
ulation in 1950 (2.5 billion) (/3), Decisions 
‘made now can influence the growth rate I'the 
rates are not altered, hundreds of millions of 
families will suffer from poverty, hunger, 
inadequate education, and lack of employ- 
‘ment opportunities, all of which might other- 
wise have been avoided. 
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CLIMATE CHANGE 


Why Is It Hard to Predict 
the Future of Ice Sheets? 


David G. Vaughan and Robert Arthern 


he recent report from the Intergovern- 
Tas Priel on Climate Change 
(IPCC) (1) highlights the improved 
curacy of measurements of current si 


level rise, as well as greater certainty in the 
projected impacts of global warming on non- 
Polar glaciers and thermal expansion of the 
oceans, These advances heighten confi 
dence in projections of the most predictable 
components of sea-level rise, but the IPCC's 
Projections specifically exclude the contribu- 
tion that could arise from rapidly changing 
flow in ice sheets, especially in Greenland and 
West Antaretica, Why does so much uncer- 
tainty surround the future of ice sheets and 
their impact on sea-level rise? 
Compared with the coupled oce 
sphere climate system, an ice sheet might 
seem a rather simple system to model numer- 


ically, Ive sheets are composed of a single 
largely homogeneous material. Their vise 

flow is governed by the Navier-Stokes eq 
tion formulated in the mid-19th century. They 
move so slowly that turbulence, Coriolis, and 
‘other inertial effects can be ignored. Stresses 
Within the ice are handled well in the latest 
generation models (2). It is in 
specifying the stress boundary conditions on 
‘wo of the ice sheet inter itsbase and its 
seaward margin—that the difficulty arises, 

At the base of the ice sheet, the stress 
resisting ice flow can vary by ordersof mag 
tude, depending on the pressure of subglacial 
meltwater and the slipperiness of sediments, 
The transience and complexity of water 
flow beneath ice streams is only now 
becoming apparent (3). Atthe basal bound- 
ary, interactions among water flow, friction, 
sediment deformation, and heat Now be- 
come so intertwined that calculating the 
resistive stress from first principles tests the 
nuity of glaciologists. Nor is it certain 
‘condition will remain 
dal to centennial time 
hat are of interest to the IPCC. espe- 
cially in Greenland, where meltwater can 
flood through crevasses to lubricate the base 
of the ice sheet (4). 


of ice shes 


‘The authors are with the British Antarctic Survey, Nat 
Environment Research Council, Madingley Road, Car 
bridge C83 OE, UK. E-mail: dav@bas.ac.uk 


wsciencem 


At the margin of the ice sheet. the ice 
interacts with the ocean, and 
eventually calves into icebergs. This boundary 
controls whether the ice sheet is stable to 
ns, Induced perhaps by warmer 
‘oceans or atmosphere, Early theories sug. 


Ice sheet behavior is strongly influenced by 
processes at its margin and base. Observations 
of rapid changes at these boundaries are 
helping modelers to improve predictions of 
future changes. 


are no clear-cut records of marine ice sheet 
jation for comparison, either on Earth 
today or in the geologs 


sheet dex i! 
the past 2 million years, but the geological 


gested that the location of the margin might be record was bulldozed away as the ice sheets 
unstable enough that a small perturbation subsequently readvanced. Only the record of 
could trigger runaway retreat inland (sce the the last deglaciation, since about 18,000 years, 
ire) (5). Since then, glaciologists 
wwe debated whether such extreme 
Took 


behavior could really occur. A new 
boundary-layer theory for coastal ice 
shows the way forward (6). This theory 
still needs to be incorporated i 
large-scale ice sheet models, but early 
indications are that the instability 
highlighted by earlier theories should 
be taken seriously 

Recent observations of widespread 
acceleration of glaciers draining the 
Greenland Ice Sheet have brought our 
uncertainty in specifying these bound- 
ary conditions to prominence. Green- 
land appears capable of responding to 
changing atmospheric and ocean con- 
ditions around its margins much faster 
than expected (7-9). The immediate 
challenge for modelers is to improve 
the description of the basal and termi 
processes such that these changes 
be reprodu 
This isa substantial task, but i is made 
more feasible by the observations of 
change that reveal the time scales of 


response [see also the accompanying 
Perspective by Truffer and Fahnestock (/0)], 
and it provides a superb opportunity to test 
whether the processes we expect to be impor- 
tant are correctly represented in the models. 

In recent years, many changes have also 


been observed in West Antarctica: thinn 
e shelves, accel 
ing glacier flow, thinning of the seaward por- 
tion of many glaciers in the region, and inland 


and loss of buttressing 


retreat of the point at which the ice begins to 
float. The latest theoretical advances have done 
nothing to allay fears concerning the potential 
instability of marine ice sheets (6) (see the 
ure). Determining whether small chat 
ser substantial deglaciation is 


complicated enough. To compound this, there 
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Concerns about stability. The ice sheet covering West 
‘Antarctica i the last great marine ice sheet. Its bed lies below 
s¢a level and slopes down inland from the coast. The profile 
shown is based on Thwaites Glacier, West Antarctica (12). In 
the top panel, the ice sheet is in equilibrium; influx from 
snowfall (g) is balanced by outflow. A small retreat (lower 
panel) will provoke changes in both the influx and the out 
flow. f these changes act to promote further retreat, the ice 
margin és unstable 


ago, remains intact. This degkaciation caused 
two periods of global sea-level rise at rates far 
higher than those projected by the IPCC (2), 
However, most of that rise resulted from non- 
marine ice sheets, and the sea-level curve on 


its own does not tell us to what extent marine 
ice sheets are unstable, Indeed, there is still 
major uncertainty as to how much of the West 
Antarctic Ice Sheet survived in recent inter- 
Lacial periods that were globally warmer than 
today and that are the best analog for future 
greenhouse warming. In the absence of a suf 
ficiently well-documented example of marine 
reat, hypotheses of instabil 
ild be missing important processes that 


limit the rate or extent of retreat, or conversely, 
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promote sudden episodes of retreat. 

The accuracy (or “skill") that can be 
achieved by predictive models rests as much 
on the quality of data available for testing as it 
does on the insightful representation of the 
physical processes. Weather prediction mod- 
els exhibita good deal of skill, not because the 
atmosphere is simpler or better understood 
than ice flow, but because those models are 
‘run and tested with different starting condi~ 
tions every day and are modified when proved 
inadequate, fee sheet models cannot rely so 
heavily on this cycle of model validation and 
improvement because of fewer data and much 
longer time scales. 

The uncertainty over the future of the 
world’s ice sheets may persist as the major 
uncertainty in projections of sea-level rise, 
perhaps even into the next round of IPCC 
assessment. Nonetheless, important advances 
are being made, Ongoing changes in the West 
Antarctic Ice Sheet and in Greenland are 
being observed in great detail from satellites 


directed toward the key areas of the West 
Antarctic Ice Sheet (/2); and the history of 
West Antarctic deglaciation is being con- 
strained on the basis of marine sediment 
records and dating of rock exposures (/3). 
New theories of ice flow appropriate to the 
coastal boundary are available (6). New tools 
for combining data and models to predict ice 
flow are also being developed (/4). New data 
are coming in and new models are there to be 
tested—perhaps this is not so different from 
‘weather forecasting afte all. 

The IPCC report has appropriately high: 
lighted the urgent need to reduce uncertainty 
over the fiture of ice sheets in Greenland and 
Antarctica. Accurately predicting how stresses 
will evolve at the base and the margin has 
become the priority for ice sheet modelers. 
Observations are vital for testing these predic~ 
tions. Recent observations of changes in 
Greenland and West Antarctica provide the 
best opportunity for ice sheet modelers 10 
make progress, because they are key to what 
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(3, 9, 11); field work is beginning w be — will happen in the fature roanabncenceateann, 
PHYSICS 
Ultracold atomic gases provide a new 
2a . experimental tool that promises to advance 
Critical Insights our understanding of both classical and 
‘quantum phase transitions. 
Ehud Altman 


‘ance of a new ordered state, display 

some of the most fascinating phenom 
‘ena in nature. Some of these transitionsare dis 
‘continuous, that is, there isan abrupt change as 
4 parameter such as temperature is varied. An 
‘example is the freezing of water into ice. In this 
‘case the properties of water are unaffected by 
the coming change. Continuous transitions, 
such as formation of magnetic order ina ferro 
magnet, are markedly different. As the material 
approaches the critical point, fluctuations of the 
new order grow in size and eventually govern 
the macroscopic properties of the system, mak- 
ing them universal, 

On page 1556 of this issue, Donner et al. 
report an experiment with ultracold atomic 
gases in which they observe these fluctuations, 
directly (/), watching how they grow from 
microscopic to macroscopic dimensions as the 
transition to a Bose-Einstein condensate 
approached. What is even more exciting. the 
fluctuations are monitored as they evolve in 
time, potentially offering a glimpse at the 


P= transitions, which mark the appear- 
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Physics, Weizmann Institute of Science, Retovot, 76100, 
‘sel. Email: atman@wisemailweiamannacit 


dynamics of phase transitions. Such experi- 
ments could also be applied to systems of ultra- 
‘cold atoms undergoing quantum phase transi- 
tions at zero temperature, promising toadvance 
‘our rather rudimentary understanding of the 
dynamics associated with these phenomena. 
Studies of these dilute gases of weakly 
interacting ultracold atoms were at the focus 
of the field in the 1990s after the pioneering 
observations of Bose-Einstein condensation 
(2. 3). Much of the excitement back then 
resulted from observations of the macro- 
scopic quantum coherence exhibited by the 
condensates (4), Just as a laser is a coherent 
source of light, Bose-Einstein condensates 
‘behave as coherent sources of matter. Thus, 
streams of atoms coming out of two conde 
sates display a macroscopic interference pat- 
tern similar to that formed by two coherent 
sources of light. 
On the fundamental level, experiments 
with weakly interacting Bose gases did not 
lead to big surprises. By and large. they con- 
med the theoretical understanding devel- 
‘oped in the 1950s and 1960s. However. the 
simplicity of the system led to new experimen 
tal tools that enabled precise control over 
‘microscopic parameters. The current trend in 


the field is to use these tools to alter the 
strength of interactions between atoms. This 
«can be done. for example, by loading atoms, 
into lattices generated by standing waves of 
laser light or by trapping atoms in one- oF Wor 
dimensional arrangements. Ifthe interactions 
are strong enough, simple macroscopic coher 
‘ence may give way to interesting and not yet 
fully understood many-bealy states 

The experiment carried out by Donner er 
«al. takes step back to revisit the weakly inter= 
acting gas, but now concentrating on the prop- 
erties just above the transition temperature 7, 
where the coherence is not yet truly macto- 
scopic. At this critical stage, bubbles of the 
‘coherent condensate exist in the gas as tempo- 
rary fluctuations that herald the coming of the 
‘ordered phase. The size and lifetime of these 
fluctuations grow without limit at the critical 
point. In a sense, focusing on the critical 
regime is another way to amplify the strength 
of interactions. The modern theory of critical 
phenomena implies that even weak interae- 
tions between individual pairs of partic 
‘generate effective interactions between the 
critical fluctuations that grow in magnitude 
concomitantly with the size of the fluctua- 
tions. Therefore, dynamics at these scales is 
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Mapping a phase transition. (Top) Streams 
of atoms are extracted from two slices of an 
ultracold atom cloud. ifthe gas is coherent 
cover the distance r, the two beams form an 
interference pattern. (Bottom) The decay 
of the interference with distance is used to 
measure the size of critical fluctuations, tem- 
porary puddles of Bose-Einstein condensate 
that form in the uncondensed state as the 
phase transition is approached. 


over time opens intriguing possibilities in 
the study of dynamics of phase transitions. For 
example, a question recently touched upon by 
the same research group (6) is how phase 
coherence is established in time when the 
temperature is lowered through the transition at 
a finite rate 

This new approach is by no means limited 
to the study of the classical condensation 
transition. A similar setup can be envisioned 
fora system of interacting bosons on an opti- 


(T—T,y*, where n is a critical exponent 

As evidence that they are truly look- 
ing at the critical fluctuations, Donner 
et al. measured this critical exponent 
According to the theory of critical phe- 
nomena, V is a universal number deter- 
mined only by the dimensionality of the 
problem and the symmetry change 
at the transition, not by the 
microscopic details (such as the 5 
cific atom in the gas). Indeed. the mea 
sured exponent agreed with data 
phase transition in liquid helium (5), 
Which belongs to the san 


cal lattice, which undergoes quantum phase 


transition from a superfluid to an insulating 
state (7). In such quantum phase transitions 
critical fluctuations are driven by quantum 
uncertainty rather than thermal noise. The 
nonequilibrium dynamics around such eriti- 


cal points is currently a subject of intense 
occurrin; 


research, Systems of ultracold atoms are 
ready advancing our understanding of 
‘quantum phases of ma 
to shed new light on the mysteries of phase 
transitions ani 


fet, Now they promise 


«quantum critical points 

© universality 

classas the Bose-Einstein conden 

transition of weakly interac 
Admittedly, measurement of a critical expo 

nent, especially with the rather low accuracy 
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highly correlated and cannot be described bya 
theory of weakly interacting particles, 


Early studies of ultracold gases observed 
only the fully condensed gas and thus could 
not access the physics of the crit 
hear the transition to at Bose-Einst 


‘achieved in this experiment, is not of much top- 
ical interest. However, the importance of the 
new approach lies in what is yet to come. The 


n conden- ability to continuously monitor the correlations 10.1126/«lence.1140809 


sate, Asa consequence of then 
sity in the atom trap, the 


nuniform den 
nsition first 


occurs in the middle of the gas and only Aine yyy 


Finding Footprints Among the Trees 


Paul Klenerman and Andrew McMichael 


gradually creeps outward with decreasing tem 
perature, For all the global propert 
experiments could probe, this inherent inho 


‘mogeneity completely overwhelmed the effect 
of the critical Nuctustions, 
me this problem, Donner ef al. 


developed an ingenious scheme for measuring — High-quality statistical analyses allow tracking of HIV evasion of the host immune response 


correlations between well-defined regions (see through epitope mutations and suggest refined strategies for vaccine development. 
the figure), By irradiating the cold gas with a 


properly formed microwave field, they were tablish a lon, 


io [ infect 
mined slices separated by an adjustable dis- strat 


term persistent 
mn, HIV has evolved many 
es. One of these is to mutate: 
virus proteins tha 


this issue, Bhattacharya e7 al, (2) take another 
look at HIV sequence data in infected popula- 


able to extract atoms from just two predet 


it tions and find that viral lineage (or genetic 
stimulate relatedness) is a confounding factor in the 
analysis of HIV sequence evolution, This 
‘means that the effect of immune escape may 
not be as strong as suspected. Virus variability 
may not be as predictable as first thought 
making it harder to cover the variation of HIV 


the sites i 


atoms fell 
e they were 


ince r. The streams of outgoi 
through an optical cavity, whe immune responses. This gives rise to variant 
counted anda temporal interference signal was viruses. that evade recognition by host 
obtained. The amplitude of the interference immune cells (T cells) and antibodies. An 
earlier analysis of virus sequences in HIV- 
infected populations indicated that such 


fringes, averaged over a sufficiently long time, 
isa measure of the coherence maintained over 


the distance r. Below 7, the entire condensate 
behaves. single macroscopic wave function, 
and thus the amplitude of interference does not 
decay with distance, On the other hand, above 
T,, the amplitude is expected to decay over a 

ah scale &, which reflects the spatial extent 
of typical fluctuations. This le 
expect 


ath scale is 
point as 


d to diverge at the crit 


‘immune escape” plays a major role in the 
evolution of the virus(/). But on page 158: 
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very diverse and are deter 
human leukocyte ant 


vaccines, 
The targets of T cell immune responses are 
mined by the host 
n (HLA) or tissue 


type, HLA class I molecules are expressed on 
most cells and, when the cell is infected, HLA 
molecules “present” peptides derived from 
virus proteins to T cells of the CDS* subtype. 
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HLA proteins are highly polymorphic so that 
in different individuals, CDS*T cells respond 
to different viral peptides, depending on the 
individual's HLA type. A virus can escape a 
host's cell response by mutating one or more 
of these presented viral peptides such that they 
nolongerbindto HLA molecules. failto inter- 
act with the T cell's receptors, or are not 
processed correctly within the cell. The T cell 
response then becomes ineffective. 

Tthas been known since 1991 that HIV ean 
mutate and escape from T cell immune 
3), but in 2002, Moore et al. pro~ 
posed that T cell escape mutants were much 
‘more frequent and predictable than previously 
thought (1), The authors sequenced the virus 


WAX 
Teall 

> response 

twoepitope 


i} NoT cell 
Viral > response 
epitope toepitope 

sequence Mey 


apparent viral mutations are actually represent~ 
tive of subtypes (clades) of viruses that are his~ 
torically and geographically connected. A clear 
example isan association between certain poly 
_morphismsin the Gag Pol sequence of HIV and 
HLA C*1701. The polymorphisms are actually 
common in subtype 
African subtype. HLA 
Africans but rare in Caucasians, Thus, the asso- 
ciation between these HIV variants and this 
HLA type isduetoa “founder effect.” 
‘Although many apparent HIV-HLA se- 
quence associations identified through meth- 
ods applied by Moore eral. were last by apply- 
these robust statistical techniques and 
incorporating phylogenetic trees, some HLA~ 


‘Matation occurs 


Wurnonk| 


fi 


‘The macaque study implies more escape than 
is seen using the new population-based ap- 
proach of Bhattacharya et al, However, escape 
Will show up in HIV-HLA sequence assoc 
tion analyses only if the HLA type occurs 
repeatedly in the cohort and if'a viral escape 
mutation is exactly the same in most of the 
patients with a given HLA type: the latter is 


afford escape from T 


ls is often used as an 
argument that T cells control HIV infection 
(and therefore, that T cells should be stimu- 
lated with vaccines), Indeed, selection of an 
escape mutant must imply that a suppressive 


force is exerted by the T cell. On the other 


Mutant epitope revert to original sequence; 
* no cell response 


Mutant epitope 
> maintained and 
escapes T cells 


HLA footprints in HIV populations. Ifa virus infects individuals witha particular HLA type (HLA), mutations ina viral epitope may emerge that allow it to “escape” 
{rom host (F cel) detection. ifthe virus infects individuals who lack this HUA, (HLA nonX), immune escape will not ocur and the viral epitope wil remain unmutated. 
IM virus bearing the escape mutation is then transmitted to a HLA nonX individual, the virus may revert (perhaps due to a fitness advantage of the unmutated 
Sequence). The mutation remains strongly associated withthe HLAX group, and is evident as an HLA “footprint.” However, if viruses circulate separately between the 
HLAX and nonX populations over along time period, other mutations in the HIV genome may occur that donot result from immune escape. These may appear to be 
HLAassociated, but are not true HLA footprints and may be distinguished through phylogenetic analysis ofthe viruses, as shown by Bhattacharya et a. (2). 


zene encoding the HIV Pol protein in a large 
cohort of HIV-infected patients in Perth, 
Western Australia, In many cases, they were 
ble to correlate variation at specific sites inthe 
pol gene with the HLA typeof the host, nother 
‘words, the HLA type of the patient imposed a 
characteristic change (through T cell selection), 
‘or “footprint.” on the virus sequence in that 
patient, This indicated that analysis of viral 
sequences in the context of HLA type could 
help identify viral sequences that stimulate 
T cell responses (4) (see the figure). 
Bhattacharya et al have now applied a more 
rigorous statistical approach to this kind of viral 
sequence analysis. In particular they have taken 
imo acount the historical relatedness of HIV 
sequences within the patient cohort, using phy- 
logenetic trees to estimate how the sequences 
have diverged overtime. Although original data 
from the study by Moore et al. were not re~ 
examined studies of similar cohort revealed 
that many apparent associations between viral 
sequences and HLA alleles could be attributed 
tw the presence of patients who came fiom dif- 
ferent ethnic groups who were infected with dif- 
ferent subtypes of the virus. In other words, 


determined T cell “footprints” remained, 
Bhattacharya et al, found seven such exam- 
ples from $0 original candidates. In four of 
these, the mutations were within the 
sequences of viral epitopes known to be pre- 
sented by the patients’ HLA types. In the other 
three cases. the authors made peptides corre- 
sponding to the epitope predicted from their 
statistical analysis, By testing patient T cells in 
vitro, the predicted epitope was indeed cor- 
rect. Thus, the refined method does identify 
viral mutations that escape T cell recognition, 
but the extent of this eseape process is not as 
abundant as proposed by Moore etal. 

How common, then, isescape from T cells? 
Its clear from Bhattacharya etal, that when 
phylogeny is considered, a significant minor- 
ity of mutations in the HIV genomic sequence 
represent escape mutations. These findings 
do add to the burgeoning data on individual 
escape mutations in HIV seen in patients 
as they progress from acute to chronic infec- 
tion and AIDS (3, 5-17). Also, a study of 
‘macaques infected with simian immunodefi- 
ciency virus (/2) charted the evolution of 
virus escape from T cells in acute infection. 


hand, the selection of eseape mutants shows 
that T cells do not control overall infection—a 
battle is won but the war is lost. This situation 
is very similar to escape of the virus envelope 
from antibody-mediated neutralization: 
‘when escape occurs, there is no overall control 
by the immune system. What may be more 
important is when T cells select viral mutants 
that are less fit (because the mutation affects a 
function or structure that is important to the 
virus): in this case, immune escape could be 
beneficial for the host (//. 13.14). 

The findings of Bhattacharya er al. have 
implications for the study of other viruses, 
notably hepatitis C virus (HCV). Several 
groups who have taken phylogeny into 
asccount have identified “footprints” of T cells 
on HCY, including a large single-source out- 
break among Irish women (15, 16). A clear 
footprint on HCV was also observed in an 
epitope restricted by HLA-B27, an allele that 
is protective in both HCV and HIV (/7). 
Because the sequence diversity of HCV is 
even greater than that of HIV, taking into 
account the viral phylogeny when studying 
HCV-related immunology will likely be of 
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even greater consequence than for HIV. 
hhat does this mean for HIV or HCV 
ine design? It might be possible to 
design vaccines that anticipate the frequently 
selected escape mutations by using more 
than one viral amino acid sequence in the 
vaccine (/8), though this would require very 
complex vaccines. An alternative would be 
to use vaccines to redirect the immune 
response to the most conserved regions of 
the virus, which may be invariant because 
of functional or structural constraints. 
However, the extraordinary power of viru 


like HIV and HCV to escape almost any 
‘means of host attack remains a dauming 
hurdle to overcome. The phylogenetic trees 
may have eliminated some T cell footprints. 
‘but they reveal the enormous complexity of 
the viral epidemic both within individuals 
and within populations. 
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STRUCTURAL BIOLOGY 


A Glimpse of Biology’s First Enzyme 


Gerald F. Joyce 


ology uses DNA genomes and pro- 
Bisrseimestoary tie 

tions of the cell. RNA plays many 
important roles, but it is subservient to DNA 
and proteins, In the distant evolutionary past, 
though, things may have been very different 
Almost 40 years ago, it was first suggested 
that both genomic information and enzymatic 
function once resided exclusively in RNA 
(i-3). Crick speculated that the first enzyme 
may have been an RNA molecule that eat- 
alyzed the replication of other RNA mole 
cailes (2), After catalytic RNA was discovered, 
Gilbert coined the term “RNA world”, which 
he similarly envisioned as being based on 
RNA molecules that catalyze the synthesis of 
copies of themselves (4). 

We now have the first glimpse of what 
such an RNA replicase might have looked 
like. On page 1549 of this issue, Robertson 
and Scott report the crystal structure of an 
RNA enzyme obtained by test-tube evolution 
that catalyzes the joining of two RNA mole- 
cules that are bound at adjacent positions 
along an RNA template (5). 

Protein enzymes that catalyze the copying 
of RNA use as building blocks the four nucle- 
oside 5'-triphosphates (NTPs). These are 
bound to an RNA template and joined 
through the reaction between the 3”-hydroxyl 
group of one NTP and the 5'-triphosphate of 
the next, forming a 3°.5'-phosphodiester 
linkage (see the figure, top panel). It is not 
clear whether the hypothetical replicase 
enzyme of the RNA world operated by the 
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is a reasonable bet 
yorable orientation 
5'-triphosphate 
offers a desirable combination of being very 
stable in water yet thermodynamically highly 
activated for the reaction. All that is needed is 
the right catalyst to facilitate the reaction. 

No known RNA enzyme in biology eat- 


same mechanism, but 


5 
+ 


The structure of an RNA enzyme that catalyzes 
the joining of RNA has been solved, providing 
insight into what may have been the most 
ancient enzyme of biology, 


the polymerase-like joining of RNA. 
However, the powerful methods of in vitro 
evolution have made it possible to generate 
such enzymes from scratch, starting from 
large population of RNAs with random 
sequences (6), The usual approach is first to 
evolve an RNA enzyme that isan RNA ligase, 
which can join two oligonucleotides in a 


RNA-templated joining of RNA. (Top) The 3”-hydrony of one nucleotide (blue) attacks the S“-triphosphate 
‘of another (orange) to form 3 3”.5’-phosphodiester. This reaction fs the basis for RNA polymerase proteins 
and for in vitro evolved RNA enzymes with RNA ligase or RNA polymerase activity. (Bottom) Somewhat 
different reaction formats are used forthe polymerization of NTPs, the joining of RNAS by a ligase, andthe 
formation ofa circular RNA as carried out by Robertson and Scott (5). PPPNoy indicates an NTP, OH the 
attacking 3'-hydroxyl, ppp the reactive “triphosphate, and pN the site of the newly-formed phosphodiester. 
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template-directed manner. Then, through fir- 
ther evolution, the researcher attempts to coax 
the ligase to accept NTPs as substrates and to 
add multiple NTPs in succession. 

Bartel and colleagues (7) have used one 
such in vitro evolved ligase, the class I ligase, 
and evolved it further to polymerize as many 
as 14 successive NTPs with high fidelity. 
Despite valiant efforts, however, it appears 
unlikely that this particular polymerase 
enzyme will ever be evolvedto the point that it 
can copy RNA molecules as long as itself 
(~200 nucleotides), Nonetheless, it is likely 
that scientists will eventually apply a similar 
approach to a different set of RNA molecules 
toachieve more extensive polymerization and 
ultimately complete replication, 

The class I ligase is the Ferrari of in vitro 
evolved ligase enzymes. Under optimal reac~ 
tion conditions, it has a catalytic rate of up to 
360 per minute, Like a Ferran, however, it has 
arrow tolerances and has been tweaked 
in imaginative ways to extract maximum per- 
formance. Three other RNA enzymes, the LI 
se (8), R3C ligase (9), and DSL ligase (/(), 
I structural and biochemical 
il may be regarded as three differ- 
ent versions of the family sedan. All catalyze 
the template-directed joining of an oligonu~ 
cleotide 3'-hydroxyl and oligonucleotide 5" 
triphosphate, but ata rate of only about 0.3 per 
‘minute. All have a simple three-helix junction 
architecture, in which the nucleotides that ane 
‘essential for catalysis surround the junction and 
the site of ligation is offset from the junction by 
several base pairs, tis the LI ligase that has 
‘been crystallized by Robertson and Scott, who 


solved its structure ata resolution of 2.6 A (3). 
Robertson and Scott crystallized the prod- 
uct ofan autoligation reaction, in which the L1 
ligase was configured to join its own 3°- 
droxyl to its own 5‘-triphosphate (see the 
figure). Two different forms of the circular 
prodlict were present in the asymmetric unit of 
the erystal: one in an “undocked” conforma- 
tion, with the three-heliy junction splayed out 
and no contact between the catalytically 
essential nucleotides and the ligation site, and 
the other in a “docked” conformation, with 
‘many of these essential nucleotides held near 


(which can reasonably be interpreted as the 
active form ofthe enzyme) is stabilized by ter- 


Fy contacts involving a guanine-adenine- 
uracil base triple and by ionic interactions 
between a single Mg** ion and three phos- 
phate groups. 

The erystal structure reflects the product of 
ligation rather than the reactants. One must 
therefore be cautious in drawing conclusions 
‘about the reaction mechanism. Rather than a 
free 3"-hydroxyl anda reactive Striphosphate 
bearing four negative charges, the 3','=phos- 
iready in place. Nonetheless, 
mecha- 
nism may be drawn from the structure, which 
reveals a network of hydrogen bonding and 
ionic interactions centered about the ribose 
the attacking 3-hydroxyl. The 
adjacent 2'-hydroxyl appears to be kept out 
of the fray by its interaction with a tightly 
bound water molecule. If this were not the 
case. the reaction might instead result in for- 
‘mation of an unnatural 2'.S'=phosphodiester. 


rather than the 3°,5’-phosphodiester of RNA. 

The L! ligase is nota polymerase, let alone 
a replicase, but it performs the same chemistry 
that would be expected for an RNA molecule 
with RNA replicase properties. Its crystal 
structure gives usa view toward what may have 
been the first enzyme of biology, oF at least the 
central enzyme of the RNA world, In the years 
ahead, we can expect to see the structure of 
other ligases, and eventually of polymerase and 
replicase RNA enzymes, These laboratory 
mimics of our deepest evolutionary ancestors 
ill not appear to be alien objects, Like the L1 
figase, they will have comfortingly familiar 
structural features and an active site built of the 
usu! stuf of biochemistry: hydrogen bondi 
ionic, and hydrophobic interactions that have 
been crafted by processes of Darwinian evo- 
lution. Unlike the ancient RNA replicase e 
zymes that likely became extinet more than 3 
billion yearsago, these moxlern recreations Will 
be available for detailed investigation, 
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CLIMATE CHANGE 


Rethinking Ice Sheet Time Scales 


Martin Trutfer and Mark Fahnestock 


cording glaciology textbooks, 2ha- 
A« respond to climate change on 
time scales that vary froma decade or 
more for nonpolar glaciers to millennia for 
polar ice sheets, These numbers have lured the 
scientific community into thinking that while 
small glaciers undergo rapid changes, the big 
ice sheets adjust ata leisurely pace. 
sheets have been teaching us 


‘M, Trufer is at the Geophysical Institute, University 
‘of Alaska, Fairbanks, AK 99775, USA. E-mail: tutfer@® 
‘alaska M. Fahnestock sat the Instute for the Study 
‘of Earth, Oceans and Space, University of New Hampshire, 
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idly increasing dischange of Greenland’s out- 
let glaciers (/-3). These glaciers are responsi- 
ble for most ofthe ice sheet’smass loss. acting 
as “bathtub drains” to the vast interior ice 
‘mass (see the figure). On page 1559 of this 
sue, Howat ef al. (4) report that ice dis- 
harge can also decrease at a high rate: TWo 
of the major outlet glaciers in southeastern 
Greenland—Hetheim and Kangerdlugssuag- 
doubled their dischange of ice into the ocean 
within 1 year in 2004, Two years later, the 
discharge quickly dropped back close to its 
former rate. 

‘Near the other pole, Fricker er al. [page 
1544 (5)] report changes in ice surface eleva- 


Satellite data show that ice sheets can change 
much faster than commonly appreciated, 
with potentially worrying implications for 
their stability. 


tion from data recorded by NASAS lee, Cloud, 
and land Elevation Satellite (ICESat). These 
“observationsare interpreted as a sign of moving 
subglacial water under a large ice stream. At 
‘one ice stream location, the surface drop can be 
explained by the drainage of 2 km? of sub- 
glacial water. Elsewhere, the ice surface rose 
sufficiently to account for the storage of this 
water. Earlier studies had shown the existence 
of such elevation changes (6, 7), but Fricker e7 
cal’s analysis reveals a surprisingly active sys- 
tem of subglacial hydrology in a pant of the 
‘world where litle orno surface melting occurs. 

Today, we can monitor ice sheets with 
unprecedented spatial and temporal resolu- 
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tion, thanks to an array of Earth-observing 
satellites and many ground-based studies. The 
resulting news has consistently had an ele- 
ment of surprise with regard to time scales. 
Invariably, processes are happening more rap- 
idly than previously thought possible (2-4... 9). 
The discovery of moving water pockets 
underneath the West Antarctic ice streams by 
Fricker er al and the rapidly oscillating fluxes 
at two of Greenland’s outlet glaciers reported 
by Howat ef af, further illustrate how rapidly 
ice sheets can change, 

These observations of rapid change (/-9) 
highlight shortcomings in our understanding 
of relevant physical processes. such as the 
connection of ice to surrounding sediment, 

and water. These boundary condi 
help to regulate outlet glacier and ice shelf 
systems. In outlet glaciers, the ive bed interac- 
tion is subject toa substantial flux of water. As 
recently highlighted by the Intergovernmental 
Panel on Climate Change (/0), the largest 
uncertainty in sea-level projections lies in 
the ability to capture changes in such outlet 
systems in numerical models [see also the 
accompanying Perspective by Vaughan and 
Arthern (/)}. The modeling challenge is one 
Of time seales: Water that moves rapidly under 
Antaretie ice streams and outlet glaciers that 
fluctuate on an annual basis do not mesh eas- 
ily with the millennial-seale variations in ice 
mass, snow fall, and internal temperature 
required for modeling the thick interiors of 
large ice sheets. 

It remains uncertain how important these 
rapid changes are forthe future stability ofthe 
ice sheets, However, the closer we look, the 
more ice sheet outlet systems appear to 
behave like much smaller glacier systems in 
nonpolar regions, 

‘The comparison is not reassuring. The clos- 
‘est analogs of Greenkand’s outlet glaciers are 
Jange tidewater glaciers, which also end in the 
‘ocean but are not fed by large ive sheets. 
Perhaps the best studied of these is Columbia 
Glacier, which has retreated ~15 km in the past 
20 years and thinned by ~400 m near the cur= 
rent terminus (/2). Columbia's retreat rates 
and ice discharge have been highly variable, 
with ice discharge at times reduced to pre- 

es, only to pick up again later. In that 
context, last year's reduction of ice Mux at 
Helheim and Kangerdlugssuag Glaciers (/) 


‘drain for Greenland’ ice sheet. This photo ofthe 

‘calving front of Jakobshavns Isbrae, the major outlet 
& slacier in West Greenland, was taken on 29 August 
2 2006, At the lower right, broken-off pieces of ice are 
i floating in the ocean. The ice cliff is >100 m high. The 

helicopter is a Sikorski S61, which can carry 12 
5 passengers. Jatobshavns Isbrae curently dumps an 
5 ‘estimated 46 km? of ice into the ocean every year (4. 
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does not mean that they have stabilized, The 
‘question remains whether changes in the past 
5 years have left the system asa whole more 
vulnerabl 

One difference between outlet and tidewa- 
ter glaciers isthe size of the ive reservoir that 
feeds them. It is an open question how much 
fluctuating ice discharge at outlets affects the 
interior ice. On the smaller scale, however, 
tidewater glacier retreat can draw down an 
entire ice field, In Glacier Bay, Alas 
centre ice field disappeared within ~200. 
Some of this ice was more than 1500 m thick, 
and a total volume of more than 3000 km? 
was lost (/3), Initial accelerated discharge 
depleted the ice reservoir, thinning it substan- 
tially. A positive feedback was established, 
cause the ive surface was at lower elevation 
and thus exposed to higher temperatures and 
increased melting. The volume of the 
vanished ice at Glacier Bay is almost three 
orders of magnitude smaller than that of the 
Greenland Iee Sheet: nevertheless, it does 
demonstrate that relatively rapid collapse 
helped by outlet glacier dynamics is possible 
‘on the seale of an ice field, 

Fricker ef af. show that even the Antarctic 
Ice Sheet—where, in contrast to Greenland, 
only negligible surface melting oce 
today—experiences rapid changes in 
conditions through transfer of subglacial 
water, The amount of subglacial water, its 
pressure, and its connectivity all influence 
basal slipperiness and hence ice discharge, 
‘The mapping of subglacial plumbing from 
space reported by Fricker e7 al. is a major 
breakthrough that should help to improve our 
ability to model these systems, 

Many questions remain, In Greenland, as 
well as in Antarctica, lange changes are 
always initiated at the ice-ocean interface. 
Furthermore, recent changes in Greenland 
have occurred while the climate has warmed, 
Are these changes caused by a warming ocean 
or by increased water runoff from the ice? 
How do quick changes in ice sheet boundary 
conditions affect its long-term behavior? 

Substantial progress in understanding 
can only come from interdisciplinary 
studies exploring the effects of a changing 
‘ocean on outlet glaciers, of increased run- 
off of glacial freshwater on ocean and fjord 
circulation, and of meltwater on ice flow. 
Greentand differs from Antarctica in that it 
has a substantial zone where ice melts, 
and meltwater runs off and presumably 
reaches the base. Understanding the rela- 
tive roles of the processes leading to flow 
acceleration will help to constrain potential 
differences between the two ice sheets 
reactions to future climate change. As sci- 
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entists grapple with the spectrum of time 
scales that drive outlet glaciers in a chang- 
ing climate, observations such as those 
documented in this issue will help to lead 
the way. 
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DEVELOPMENT 


Built to Run, Not Fail 


Paola Oliveri and Eric H. Davidson 


n first encounter, gene regulatory 
O networks for development often seem 
‘so complicated as to defy intuitive 
understanding, But the overall maze of gene 
interactions that they represent is actually 
‘composed of subeireuits that perform sepa- 
rate functions, The subeircuits are often 
of el 1 and sometimes countenntuitive 
design, even more so, the ways they are com- 
bined in the overall network. As the underly- 
ing subcircuit structure is clarified, we see 
that gene regulatory networks in fact provide 
‘adirect and simply organized bridge from the 
phenomena of development to the detailed 
genomic programs that encode it, Among the 
sof gene regulatory 
networks are their design principles, for these 
are often interestingly different from what 
would seem the “simplest” solution. Gene 
regulatory networks for development are the 
direct product of evolution, and the character 
of their design both illuminates evolution and 
is illuminated by it. 
Each of the specific biological functions 
which together make up a developmental 
process is programmed by a specific sub 
cuit of the network. In other words, large gene 
regulatory networks have a modular structure: 
They are composed of different subcircuits 
that work together to accomplish whole 
“pieces” of development, such as specifica 
tion of dorsoventral pattern in the fly embryo 
‘or of the endomesoderm territories of the sea 
urchin embryo. Overall, such gene regulatory 
networks involve scores of genes [>50 inthese 
ceases (/)] organized into many subcircuit, 
where a single subcircuit controls a specific 
developmental task. These tasks include spec- 
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ifying regulatory states of a group of cells (i.e. 
determining which regulatory genes they will 
express); mounting molecular signals that 
induce new regulatory states in recipient cells: 
‘coordinating the expression of genes that con- 
trol cell differentiation; stabilizing newly 
established regulatory states: defining tissues 
and setting their boundaries; and interpreting 
prior regulatory instructions. There is a 
plethora of regulatory jobs different from one 
another—such as the development of em- 
bryos, or of stem cells, or of adult body 
parts Il require different kinds of sub- 
circuits. The subcireuit components of gene 
regulatory networks have evolved independ- 
ently of one another, and at different rates (2 
and are assembled in different contexts in 
related organisms. Both in their functional 
‘organization and in the separate evolutionary 
histories of their subcircuits, gene regulatory 
networks are modular in construction, 

The individual subcircuits each consist ofa 
few regulatory genes, including their genomic 
cis-regulatory information processors, which 
respond in a combinatorial and conditional 
manner tothe transcription factors encoded by 
‘other genes of the same module. In consider 
ing structure-funetion causality in gene rew 
latory network subcircuits, the architecture of 
the module tells it all. The architecture is the 
design of the causal linkages between genes of 
the subcircuit. This is a hard-wired feature 
because itis constructed by the inherited cis 
regulatory control sequences of these genes. 
The biological function depends on the archi- 
tecture. For example, positive cross-regula- 
tory interactions among a set of genes that 
‘encode transcription factors can stabilize the 
particular regulatory state generated by these 
‘genes. As another example, its the particular 
set of genes regulated by a given gene that is 
turned on in response to an inductive signal 


Networks of genes that control organism 
development are organized in a basic 
architecture that is conserved across 
processes and species. 


that determines what the developmental effect 
of the signal will be. 

There are two essential consequences of 
this concept of « modular network architec 
ture and subeircuit design. First, subcincuit 
architectures are as varied as the biological 
jobs they do. Thus, although subeircuits are 
indeed the modular functional components of 
developmental gene regulatory networks, 
they are to be distinguished from simpler 
‘building blocks” or motifs” that are used for 
many diverse developmental functions (e.g., 
feedforward or feedback elements, per se). 
For instance, feedforward motifs are to be 
found in every conceivable context in diverse 
gene regulatory networks (3), whereas the 
individually designed subeireuits here consid- 
ered are specific to the type of biological job 
they do. Second, subcircuit architectures are 
built from diverse classes of transcription fi 
tor, and by and large. a given type of factor is 
not dedicated to any given type of subeiteuit, 
In terms of logic outputs, circuits that tra 
duce signals and distribute their outputs may 
‘operate very similarly, whatever the nature of 
the signaling system or the identity of the 
immediate early response factor. The sarm 
true of cross-regulatory subeircuits. It is the 
genomic architecture of the subeireuit, and 
not the nature of the factors the genes encode 
‘the families they belong to, that uniquely 
indicates subeircuit function {multiple exam- 
ples of subcircuits from diverse developmen- 
tal systems can be found in (3)]. 

As we have come to understand develop- 
mental gene regulatory networks, there 
arises an impression of “overlayered” circuit 
design—or more precisely, deployment of 
multiple subeincuits—that in different ways 
support the same end result, In development, 
the major regulatory task is to specify spatial 
domains of gene expression, Typically, multi- 
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Same design, different actors. Common subcircuit architecture (center) in diverse instances ofthe exclu- 
sion elfect. Specific organisms.and cell types or domains are shown, exch specified by unique set of speciti- 
cation inputs. Horizontal lines represent cis-regulatory apparatus ofthe indicated gene. Genes shown in 
‘range are transcriptional repressors, which are directly activated in the specification process (black arrow). 
Genes shown in magenta are major drivers of indicated alternative (excluded) cell fates. 


ple. distinct kinds of subcircuitsare brought to 
bear in a given spatial specification process, 
all of which function to ensure the outcome 
‘once a unique set of regulatory genes is 
vated in a given spatial domain of an embryo. 
First, the new regulatory state is locked 
down, by deployment of positive feedback or 
other eross-regulatory relationships among 
the regulatory genes. The lockdown is dy- 
namic because it requires continuous tran- 
scription of the cross-regulated genes, but it 
acts to stabilize the regulatory state. 

Second, the cells within the newly defined 
spatial domain are linked together by intercel- 
lular signaling, by use of subcircuits that make 

& continuation ofthe regulatory state dependent 

2 on reception of the signal, These subcireuits 

5 use another kind of intercellular feedback in 

8 that the gene encoding the signal responds to 


its own signal transduction system. Thus, all 
cells of the domain both receive and emit that 
same signal—a “community eff 

In addition to this, the same signal trans- 
duction system that promotes the regulatory 
state within the domain acts as an obligate 
repressor of genes that respond to it outside 
the domain, Signal transduction systems often 
have the Janus-like quality that they act posi- 
tively in cells receiving the signal but other- 
Wise behave as repressors (4.5). 

Finally, the specification apparatus very 
frequently also includes transcriptional 
repressors, which, within the specified spa- 
tial domain, target key regulatory genes 
whose expression is required for alternative 
regulatory states that could have been avail- 
able to these cells. This is a so-called 
“exclusion effect.” and numerous examples 
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can be found across species (see the figure). 
In each developmental case, the identity of 
the specific transcription factor that exe- 
utes the repression is distinct, as are the 
specifically excluded target transcription 
factors. The design is the same, the bio- 
chemical actors diverse, 

So it is not enough in an embryo just to 
arrange to turnon the rightregulatory genes in 
the right place, These genes must also be 
dynamically locked on: the regulatory state of 
cells ina given spatial domain must further be 
made dependent on signaling among them all; 
the expression of these same regulatory genes 
must be specifically forbidden anywhere else: 
aand then, on top of all that, specific altemative 
states must be excluded. These components 
are of course interlinked, and experimental 
tests of whether this is a “necessary” design 
are not simple. In the sea urchin embryo, 
Where all ofthe above are tobe found, disarn 
ing any one of these subcircuits produces 
some abnormality in expression, 

We may interpret this as we like—as 
overengincering; or as design deluxe, replete 
with bells and whistles: or as the expected 
result ofan evolutionary process in which indi- 
vidual regulatory modules have been added 
in and overlain at diferent times, so that some 
are more ancient and others more new (1). 
However, once integrated into the regulatory 
system, they are there to stay, barring evolii- 
tionary redirection, But the generality of this 
quality of developmental gene regulatory net- 
Works is emerging as a fact of life—it is what 
wwe see in modern animals, The consequences 
‘of evolutionary history determine the shape of 
the control apparatus that determines life 
processes, Perhaps in current system design 
Weare seeing something of the grim pressut 
that modern lineages survived in past evo- 
lutionary bottlenecks —of the absolute neves- 
sity for lineage survival of genomic regulatory 
systems built to run and not to fail. 
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INTRODUCTION 


Momentous Changes 
at the Poles 


EARTH'S POLAR REGIONS ARE PRICELESS REPOSITORIES OF INFORMATION ABOUT 
past climates, as well as harbingers of our planet’s future, To get a better picture 
‘of where the Arctic and Antartica have been and where they are going, and how 
changes at the poles might affect humanity's temperate perches. scientists from 
dozens of nations earlier this month launched a 2-year research initiative called 
the International Polar Year (IPY). This special issue helps raise the curtain on 
the IPY with an exploration of some of the more vibrant research under way at 
the ends of the Earth, 

Polar processes exert a tremendow: 
logical and biogeochemical cycles. ps control ocea 
thereby influencing heat transport from low to high latitudes, rainfall patterns, 
‘ocean biology, and the composition of the atmosphere, Serreze etal. (p. 1833) 
examine the causes of the decrease in Arctic sea-ice coverage in recent dec: 
and offer forecasts for the next century. Reduced sea ive could spark an Arctic 
version of the California Gold Rush. Krajick (p. 1525) discusses how nations 
are staking claims in the Arctic in the hopes of exploiting minerals and hydro- 
bons locked beneath the sea floor. 

How fast sea levels rise over the coming century—potentially one of the most 
serious consequences of global warming—will depend on how fast the polar ice 
sheets melt. Shepherd and Wingham (p. 1529) synthesize studies of the world’s 
ice sheets to present a global picture, with emphasis on recent changes in the 
‘mass of the Greenland and Antarctic ice sheets. The polar seas are rich sources of 
‘marine productivity, and millions of people depend on their bounty. Warming is 
expected to have huge consequences for high-latitude denizens, as Bohannon 
(p. 1520) and Stokstad (p. 1522) show: Change is also in the air (literally) at the 
poles. Law and Stobl (p. 1537) examine the progress made in understanding 
the Arctic’s atmospheric chemistry and discuss how anthropogenic and natural 
factors have affected, and may affect, the Arctic’s role in mediating regional 
and global climate. 

The Aretic and Antarctica offer some ofthe most extreme environments on the 
planet, For scientists, this poses logistical challenges, especially with the stepped 
Lup research activities taking place at the poles during the IPY. as Mervis explains 
(p. 1514). Clery (p. 1523) discusses how astronomers are overcoming hostile con- 
ditions to install ever-bigger telescopes high on the Antarctic Plateau. At the other 
end of the globe, scientists are teaming up with indigenous people in the Arctic to 
fill gaps in their knowledge. writes Couzin (p. 1518). 

The burst of scientific activity during the IPY should yield vital insights into the 
state of our planet for many years to come. If present trends continue. the messaze 
from our polar regions could be quite alarming indeed. 
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Polar Science 


NEWS 


IPY Means Doing What It Takes 
To Get to the Ends of the Earth 


The International Polar Year poses unprecedented logistical challenges— 
and scientific opportunities—for governments around the world 


OWERED BY FOUR MASSIVE 
engines, the Folarstern can erunch 
through 1.5 meters of sea ice at 
5 knots as it takes scientists where 
they want to go in the polar re 

But there is one obstacle that even this 2: 


workhorse of Germany's polar research pro 
‘gram can’t overcome: high Russian tariff, 
Forth 
expensive foes to passthrough Russia's Exclu- 
sive Economic Zone (EEZ), which extends 
320 km from its coast, have forced Arctic 
te 
their plans. In 2005, for example, scientists at 
the Alfred Wegener Institute for Polar and 
Marine Research (AW) in Bremerhaven, 
c after 


past several years, prohibitively 


archers from many nations to rearrange 


Germany, rerouted a research erui 
learning that taking the shortest 


route home from the East Siberian Sea would 
cost them nearly half'a million dollars. “Our 
ram has some money. but we were not 

to pay such a high amount,” says AWL 


n hoping to take the ship 
EEZ. And although she 
hasn't won the lottery, she’s counting on 
something even more valuable to make it 
nal Polar Year (IPY). 


this month and continues until March 2009 
(ipy.org). Cheered on by Artur Chilingaroy, a 
vice speaker of the Duma, Russia’ legislature, 
and head of its IPY committee, the Russian 


government has agreed to give green light to 
IPY-approved project. “Artur is the pole 
‘on which we hoist our IPY flag,” says Sergey 
Priamikov, a physi apher at the 


ersburg who also heads the Eurasian 
branch of the IPY program office 

IPY is the fourth in a series of polar tol 
paloozas going back to 1882. The previous 
effort, the 1957-58 Intemational Geophysical 
Year (IGY), laid the groundwork for the int 
national regimen that governs Antarctic 
research. Although it has no money to give 
out, IPY serves as both administrative 
umbrella and cheerleader for a.m 
ns that individual cou 
tries and organizations have pledged to sup= 
port, Its volunteer leadership has vetted more 
than 1200 proposals and created a honeyeomb 
chart of some 200 approved projects that 


research collaborat 


incorporate IPY'S six research themes—most 
prominently, to understand the changing polar 
environment and the impact of those changes, 
“We hope IPY will ¢ c 
nity of cooperation, 


ate a 
says Australia’s lan 


Allison, co-chair of IPY’s joint committee. 
Such global teamwork can be just as 

important as money, says glaciologist Olav 

Orheim, head of IPY activities at the Norwegian, 


Research Council. The 
ouncil is pouring all of a 
50% increase in its annual 
research budget—some 
$50 million—into 261PY 
projects extending to 
2010, including a joint 
ic traverse with 


country’s first overland 
visit to the South Pole 
since legendary explorer 
Roald Amundsen was the 
first to arrive in 1911, "We 
hope that IPY will ereate 
legacy of cooperation that will 
remove the unpredictability and logis 
tical challenges that have plagued polar 
research,” says Orheim, 


The right stuff 

‘The logistical challenges 
ble. A surge in activity at the poles during IPY 
Will strain the work ing capacity’ 
from shipsand planes to labsand communica- 
tions equipment—to do science in these 
unforgiving conditions, 

Canada’s Aretic program, for instance, is 
scrambling to secure enough boats. “Last 
year, we realized we were facing a potential 
Shortage because of the demand from oil ankl 
mineral companies and trom ecotourism.” 
says David Hik, an Alpine ecologist at the 
University of Alberta, Edmonton, Hik heads 
‘Canad’ IPY office, which oversees the gov- 
ernment’ new $128 million investment in 
polar research, 80% of which will be spent 
during IPY, "We also expect a crunch on heli 
copters and fixed-wing craft because of the 
Jimited number of pilots with experience land- 
ing on ice or in remote camps.” he says. 

Much of the stampede is to address a 
major IPY theme, understanding climate 
change in the Arctic, An alphabet soup of 


E 
4 
i projects includes SEARCH (Study of Envi- 
2 


¢ indeed formida- 


ronmental Arctic Change), DAMOCLES 
(Developing Arctic Modeling and Observing 
Capabilities for Long-Term Environmental 
Studies), and IASOA (International Aretic 
Systems for Observing the Atmosphere). 
‘Otheim also has high hopes for an ongoing 
meteorological project linked up with IPY, 
called THORPEX, that aims to quantify the 
impact of polar warming on the stability of 
the Gulf Stream and global climate by track- 
© ing water inflow into the Arctic in unprece- 
& dented detail. “There is a lot of speculation 
5 about what is happening but very few facts.” 


ee ee en 
research activities throughout easter 
Antarctica during PY. 


he says. Adds Schaver, a member of the si 
entific steering committee for DAMOCLE 
“This is the first time so many international 
partners have focused on the physical aspects 
of climate change. We know the ice shrinks 
‘every year, but we don’t really know why.” 


Atsea 
Ship time for polar research isa precious com- 
modity. Funding agencies around the world 
must match scientists” needs with a suitable 
vessel in the right place at the right time, 
wer, whose request for the Folarstern to 
pass through the Russian EEZ this fall is, 
\wending its way through a thicket of govem- 
ment ministries, has even created a Web site 
(asci-ipy.de) to make the horse-trading more 
transparent and to foster collaboration. But 
that’s not enough to level the playing field. 
Take the Oden, Sweden’s heavy-duty 
research icebreaker, which fills the same 
niche as Germany's Polarstern and the 
USS. Coast Guard's Healy. Whereas German 
and US. officials have decided to dedicate 
the next 2 years of ship time to IPY-related 
cruises. the Oden is available to any group 
with the money—$25,000 a day. plus fuel 
to charter it, That leaves Swedish 
whose government has not allo- 
cated any new funding for IPY. at a disadvan- 
tage. “Our polar research s 
scheduled one Arctic expedition every other 
‘year on the Oden.” says Michael Tjernstrom, 
‘a meteorologist at Stockholm University who 
has put together the IPY-endorsed Arctic 
Summer Cloud-Ocean Study that hopes to 
win the coveted cruise slot in the summer of 


costs 
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2008. But with funding 
tight, he says, “it’s really 
y difficult for us to 
find the money.” 
Sweden’s loss is a 
gain for other coun- 
tries. This summer, a 
US.-led team will 
charter the Oden to 
explore the seldom- 
visited Gakkel Ridge in 
the central Arctic basin, 
The AGAVE project will 
deploy a new generation of 
autonomous vehicles deep 
under the Arctic ice pack to 
hunt for undiscovered life forms 
nurtured by hydrothermal vents 
that dot the slow-spreading rid; 
AGAVE didn’t even start out as an [PY 
project. It was initially funded by the 
USS. National Science Foundation (NSF) and 
says prineipal 
investigator Robert Reves-Sohn, a marine 
geophysicist at Woods Hole Oceanographic 
Institution in Massachusetts, After delays in 
finding a ship pushed the project into the IPY 
time frame, Reves-Sohn broadened the mis- 
sion’s scientific agenda and invited non-U, 
scientists, Those changes— including adding 
Japanese sensors to the underwater robots 
and German seismometers to ice floes at the 
surface—earned AGAVE an IPY stamp of 
approval, “We expanded the scientific scope 
at no cost to the U.S,.” says Reves-Sohn, 


Finding common ground 
At the other end of the world, IPY is accelerat- 
ing a revival of a hallowed Antaretie tradi- 
‘tion—the research traverse, These forbidding 
Jand treks are akin to research cruises because 
‘of the wealth of data collected on the move, 
Popular during IGY and into the 1970s as a 
means of gathering geophysical information 
about the largely unexplored interior of the 
frozen continent, traverses gradually fell outof’ 
fashion as scientists opted to mine a confined 
area, often season after season. 

eral traverses are in the works for IPY 
(see map). Although their emphases vary 
from glaciology to geophysics to climate sci- 
cence, each team has agreed to poo! data whet 
ever possible to help fill in what rema 
very sketchy picture of the continent. Many 
will build on the International Trans-Antarctic 
Scientific Expedition (ITASE), an ongoing 
series of expeditions to gather continent-\ 
environmental parameters. They feature 
drilling ice cores for climate information 
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Long (and Perilous) March Heralds China's 
Rise as Polar Research Power 


SHANGHAI—Bo Sun remembers the frst time he and is fellow Chinese 
adventurers struck out from Zhongshan Station on the East Antarctic 
«coast, trekking inland across uncharted terrain in 1996. “It was terrible,” 
says Bo. "We did not know how to handle it.” Their lumbering vehicles fre: 
quently got stuck in drifts. Death traps lurked, unseen, beneath wispy ice 


bridges. "Sometimes when we looked back, a big crevasse appeared. Our 
hearts jumped,” says Bo, a glaciologist at the Polar Research Institute of 
China (PRIO in Shanghai. 

But they lived, and they learned—how to avoid getting stranded by 
forging ahead during a storm, for example, and what to eat on the energy 
sapping traverses. Along the way, they've mapped major crevasse fields. 
"Now we are experts at recognizing where the dangers are,” says Bo. 
‘Alter several short trips to build up their capacity, Bo and his colleagues 
in January 2005 reached their objective—the highest point on Antarc 
tica’s ice sheets, Dome Argus (Dome A)—and returned home, completing 
the 2500 kilometer roundtrip in 10 weeks. 

The conquest marked a coming of age of China's polar program. Radar 
echo soundings during the traverse suggested that the ice at the bottom 
of Dome A could be the oldest on the continent, going back as much as 
1.2 million years, says PRIC Director Zhang Zhanhai. 

The rising power gota late start in Antarctica. Its researchers first visited 
the continent in 1980, and Zhongshan was opened in 1989. (China's Great 
Wall Station debuted on King George Island in the South Shetlands in 
1985.) During the International Polar Year (IPY) and beyond, China is set 
toreally take of. In 2006, the government approved $70 million for major 
polar projects, including $4 million for IPY research in 2007; $19 million 
for new PRIC headquarters in Shanghai; $22 million to overhaul the 
Zhongshan and Great Wall stations: and $25 million to renovate the 
Snow Dragon (Xuelong), a Ukrainian-built research vessel that will cap IPY 
with a globe girdting expedition to plumb the effets of rapid Arctic change 
on the mic-tattudes. 

But it's Dome A that could well tun Chinese scientists into the new 
darlings of Antarctic research. Their 2005 radar soundings from Argus, 
4093 meters above sea level, revealed that the ie there astride the Gam 
burtsev Mountain Range is 3070 meters thick—twice what modeling had 
suggested, says Bo, In the next few years, China hopes to start drilling at 
Dome A to retrieve what could be an unparalleled window on past Antarctic 
climate, Finding ce that “captures our planet’ climate in a different phase 

{s the Holy Grail ofthe ice-core community,” says Robin Bell, an Antarc 
tic expert at Columbia University’s Lamont-Doherty Earth Observatory in Pal 
Isades, New York, who concurs with PRIC's estimated age of the Dome A ice. 

In the meantime, the centerpiece of China's 3-year IPY program is 
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Seeing them off. Zhongshan Station in East Antarctica isthe staging ground for 
‘China’ traverses inland to Dome A 


PANDA, a geophysics initiative at Prydz Bay near Zhongshan Station, and 
Dome A. in collaboration with researchers from five countries, China 3 years 
ago drilled a 310-meter ice core on the Amery Ice Shelf in Prydz Bay. 
Drilling wil continue in 2007-08, and during a traverse to Dome A in late 
2007, scientists will instal a series of magnetometers to probe how the solar 
wind energizes electrons in the magnetosphere to form auroras. 

The traverse will cast its gaze downward, too, Following up on the 
2005 traverse findings, China is planning airborne radar mapping of 
the enigmatic Gamburtsevs and the overlying ice sheet with help from 
Australian, German, U.K., and U.S. researchers. “We know little about 
the boundary of ice and rock,” says Bo. 

Also during IPY, China will lay the groundwork for a major-league 
astronomy observatory at Dome A. Like the South Pole and Dome C 
(p. 1523), Argus provides the thin, clear skies ideal for serious stargaz 
ing. The Purple Mountain Observatory in Nanjing is teaming up with Aus 
tralian and U.S. astronomers on a Dome A survey in 2007-08 to deter 
mine the best spot for a major telescope facility, and an array of four 
15-centimeter telescopes will be installed to hunt for planets orbiting 
nearby stars. Later in 2008, PRIC will ship three 50-centimeter telescopes 
to Dome A that will provide the first picture of a large portion of the sky 
in polarized light, says Wang Lifan, director of the Chinese Center for 
Antarctic Astronomy. 

In the short term, Zhang says, “nobody will winter over at Dome A.” 
Construction of a year-round station is set to begin in 2011, but for the 
next decade, the annual work window at Dome A will be narrow as the 
smonthlong traverse leaves roughly 2 weeks on site, “There's only a short 
time thatthe weather i suitable for people,” Bo says. “But the place is 0 
fantastic” —fantastic enough to endure the hardships Bo and his team 
faced to get there, RICHARD STONE 


Bus to Argus. The 2005 traverse. 
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citarrs ror To sorToM COURTESY OF PC 


y back as fir as 1000 years, operating sur- 


face and subsurface radar that help to provide 
ound truth for satellites, and gathering hard- 
Antarctic weather data, 

When ITASE began in the 1990s, "we 
that Antaretic climate m 


rr 


tho 


ple picture.” says one of the project’ initiators, 
wlaciologist Paul Mayewski of the University 
And 
now to realize 


of Maine, Orono, “But it’s a va 
after 15 years, we know enc 
where the sensitive In January, his 
team completed the first, 500-km leg of a 
planned 6000-km 
that will take them f 
the South Pole to Dome A, the highest point 


averse over three seasons 
mm McMurdo Bay past 


on the continent, and then back to the poke. 

The latest ITASE expedition also comple- 
ments routes taken by other traverses flying 
the IPY banner, “Once we ean 
A” Mayewski says, 
with what is be 
arriving from the opposite side 
TASTE-IDEA. 


to Dome 


‘we can match our data 
collected by the Chinese 
nd also with 


a 3-year, European-led tra- 
nthe fall of 2007 that will 
cross the less-familiar East Antarctic ice 


divide. More information will come from a 
U,S.-Norwegian traverse beginning this fall 
that will travel to the South Pole from Nor- 
\y'\ Troll Station near the African coast of 
An turn to Troll in the 
2008-09 season (traverse.npolar.no). 

“We'll be going through no man’s land, 
says Jan Gunnar Winther, director of the 
an Polar Institute and leader of the 


joint project, which will cost an estimated 
$15 million. In addition to drilling ice cores, 
the I l-member 


airborne phote 


m will launch drones for 


raphy and operate a se 


electron microscope to analyze the transi- 


tions from fresh snow to compacted old snow 
to ice. “It will fill a huge hole in the dat 
says Winther. 
verse that we've ever done.” 

IPY’s integrative nature provides a ration- 


Isalso by farthe bi 


st 


ale for traverses that might be hard to justify on 
their own, says lan Goodwin, ITASE eo-chair 
Laciologist at the University of New= 
IPY is 


to get the necessary sup- 


castle, Australia, For example, he says, 
likely the only way 


port to carry out exploratory geophysics 


IPY also represents a zoldet 


“opportunity 
for nations relatively new to polar research to 
build up their scientific infrastructure. In addi- 
tion to China's big spurt (see p. 1516). South 
Korea, for example, last year committed 
$183 million to two polar projects: a $107 mik 
aking eapabil- 
dy in 2010, and a $76 million 
research station, its first on the Antarctic main- 


tion research vessel with iceby 


ties, to be r 


d in 2011. That money 
$38 million a year that it 
spends through the Korean Polar Research 
Institute (KOPRD), which this winter funded a 


land, to be complet 


ber team that scarched for meteorites, 


near Patriot Hills in western Antarctica, the 

first-ever Korean expedition on the continent 
The new ship will service existing 

Korean stations in the Arctic and on Kin 


ge’s Island off the Antarctic Peninsula, 


Ge 
It will allow Korean scientists to do research 
at both poles now performed on leased 
iwebreakers, KOPRI 


the station, one in 


Russian and Europea 


is eyeing two sites 


Becalmed. 1 


West Antat 
the other farther east, near Queen Maud 
Land off the Weddell Sea. 


tica, off the Amundsen Sea, and 


Power to the people 
Arguably the bi 
ing polar science isn’t an IPY-inspired project 


stical challenge fac~ 


It's the simultaneous construction of the 
10-meter South Pole Telesca 
installation of the I-km? lee Cube 
) at the U.S. Amundsen- 
Scott station, now in the final stages of a major 
upgrade. The way NSF has managed those 
three projects offers a blueprint for supportin, 


array (see p. 15: 


science in inhospitable surroundi 


“The scope of Antarctic science has 
ays Erick 
istical 


changed over the past 20 years. 
Chiang, head of NSF's Ant 
apport, a $66-million-a-year program to 


research. “The p 
and they address larger problems. But proba- 


ojects are more complex. 
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bly the biggest change for researchers has 
been a move away from designing a proposal 


around what's there and toward an approach 


that says, *Here’s what we want to do, Let's see 
what NSF c 
That can-do spirit has taken the South Pole 


support. 


station close to its operational limits. “Last 
March, it became clear that th 


power crunch,” recalls John Carlstrom, 
of the Kavli Institute for Cosmologi 
al Physicsat the University of Chicago in Ili- 
nois and SPT project leader, “The station was 


direct 


already running at capacity without any tele- 


scope activity and with nothing new for lee 


Cube. Our first reaction was to wonder ifthere 


had been a mistake or poor planning,” he says. 
But NSF put together a tiger team—the first 
time we'd ever done that for power issues. 


Now we have a plan that should get us through 
this y 


efficiency and 


rand give us more time to think.” 


interim solution was improved fuel 
nergy conservation, says 
Chiang. But the larger lesson, he believes, is 


the inherent difficulty of antic where 


science might be headed. The final design of 
the new station was completed in 1997 
‘Nobody then could have anticipated SPT and 
Ice Cube." Chiang notes, 

Nor can scientists anticipate the new lines. 
of inquiry that might come out of IPY. But its. 
place 
at the ends of the Earth will bolster polar 


clear that the scientific onslaught takin 


research for decades to come 
“JEFFREY MERVIS 


With reporting by Abn Mi-Young in Seoul and Richard 
Stone in Bangkok. 
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there are three sure s\ 


“ tha 
Jee says Caleb Pungowiyt, a 
68-year-old Siberian Yu'pik who lives in 
Kotzebue, Alaska. “The ducks and the 
yeese coming back. tourists coming back, 
and scientists who come back to cheek their 
instruments.” Some Inuit in Alaska call 
these researchers Siksik. the Inuit word for 


the ground squirrel, which pokes its head up 
only in the summer. For their part, these 


“squirrels” have traditionally gone about 


ihe natives for 


their business, rarely tapping 
their expertise. 
But as climate ch 


the 
Arctic, decades-old divisions between the 
indigenous people who live there and the sei- 


1e sweeps thro 


rachute in and out are slowly 


centists who ps 
dissolving, Projects that draw on traditional 
knowledge of a 


nal migrations, ice p 


tems, shrubbery, and weather are popping up 
from Baffin Island. Canada, to Rovaniemi 
Finland. The goal is to use local informa- 
tion—say. about the health of individual ca 


bou or about whales killed by hunters—to 
supplement and enrich scientific data, suchas 
“We're living 
in a period of extreme uncertainty, and these 
ays Gary Kofinas, 


perspectives add insight.” 
\Who studies resource management at the Uni- 
versity of Alaska, Fairbanks. “I think its fair 
to say that we need all the help we can get.” 
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Opening Doors to 
Native Knowledge 


Scientific and local cultures seek common ground 
for tackling climate-change questions in the Arctic 


Jaborations between scientists and 


ous people are also driven by external 
pressures. The influential 2005 Arctic Cli- 
mate Impact Assessment ranked indig 
knowledge high on the list of topics that sci 
entists should pay attention to. And the Inte 


national Polar Year, which began this montt 


lists the sustainability 


ind perspectives of 
societies living in the Arctic as one of six 
themes shaping its research 

But althou 
enthusiastic about these nascent collabora 


many researchers are 


tions, and some projects have already 


yielded interesting new directions or con- 


firmed scientific findings, drawing on tradi- 
tional knowledge to supplement hard sci- 


ene ely uncharted territory 


is still larg 
There is no way yet to quantify uncertainty 
in the information suppl 
people. And even as native collaborators 
begin to take on ever-larger 
tific projects, there is no systematic stra 
for reconciling conflicts between scien 
data and traditional knowledge. 

‘The partnership is in its infancy.” says 
Krupnik, a cultural anthropologist at 
the Smithsonian National Museum of Nat- 
ural History in Washington, D.C.. who ha 
worked extensively with Arctic ind 
people. Their insight “is great stuff, but you 
have to be careful.” 


nous 
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Growing trend. Like other grou 
the Arctic, Samir ers in Nort 
Europe are collaborating more and mote 
pala 
Breaking the ice 


Many scientists point to the Arctic Climate 
Impact Assessment, an international project 
coordinated by members of eight Arctic coun- 


tries, as a turning point in efforts to draw on 


e. Initially, “indi 


indigenous knowled; 


10, 11 
or 12, back at the very end” of the report 


people were listed as chapter numt 


Is Krupnik, one of the authors. But grad 
ually, as the document was assembled, the 
chapter on indigenous knowledge climbed the 
ladder, ending up as number three. Its a subtle 
distinction, but Krupnik considers it highly 
symbolic. The report “wats Very instrumental.” 
he says, in awakening people to the value of 
traditional knowledge as “very solid science.” 


Those who work with indigenous com- 
munities 


sree that locals possess informa- 
tion that scientists have difficulty access 

independently. “I'm looking at computer 
screens or satelite images, but I don’t have 
the time to wander around the landscape like 
the Sami do,” says Terry Callaghan, who 
runs the Abisko Scientific Research Station 
in Sweden, referring to the native population 


that herds reindeer in three Nordic countries 
and Arctic Russia. Furthermore, although 
some scientists such as Callaghan spend 
lime in the Arctic year-round, their presence 
through the winter is rare. That makes locals, 
such as the Sami unique observers of how 


changing winter weather patterns are alter- 
ing the landscape. 

‘Scientists and native people say traditional 
knowledge can be especially helpful in provid 
ing an in-depth, up-close view of the Arctic. 
Whereas scientists might be well-versed in, 
say, sea-ice extent, the Inuit know the ice much 
more intimately —hole by hole, crack by 
‘crack—says Shari Gearheard, a geographer at 
the University of Colorado, Boulder, who lives 
in Clyde River on Baffin Island. Over the next 
3 years, she an local partners will be traveling 
across sea-ice hunting grounds in Baffin 
Island, Alaska, and Greenland, recording what 
they see, Already she’s learned more about sea- 
ice dynamics than she would have had she 
struck out alone. “There are certain cracks that 
are in the same place every year, but some are 
moving now, and there are new ones that are 
not expected." Gearheard says. 

Such attention to detail has impressed 
Krupnik and walrus biologist G. Carleton 
Ray of the University of Virginia, Char- 
ottesville. Yu'pik Eskimos on Alaska’s St 
Lawrence Island, in the Northem Bering Sea, 
not only examine hunted walruses for every 
thing from gut parasites to the texture of their 
blubber, they also havea far more descriptive 
language than biologists. Avviquna, for 
‘example, means mother, yearling, and young 
calf in one group. Amiinaqut nunavaget 
defines a group of walruses isolated on an ice 
foe. Such precision, Krupnik says, makes the 
historical record passed through generations 
especially valuable. 

So far, some of these recollections match 
up well with scientific data. As part ofa proj- 
ect with the Sami reindeer herders around 
Abisko and Sami academics from northern 
Norway, Callaghan has found that Sami 
‘observations of how snow depth has changed 
‘over 50 years generally jibe with long-term data 
collected by scientists. The Sami also informed 
him that during the middle 1980s, the wind had 
switched directions, Combing through climate 
records, Callaghan found an abrupt climate 
‘change at that time, The mean annual temper 
ture had jumped by about 1. 


Culture clash 

But for every observation like this one. 
which underscores the remarkable inter- 
generational memory of many indigenous 
people, there are other recollections that 
might be difficult to interpret or even trust. 
“One Sami said, “The sky isn’t as blue as it 
used to be.” He was talking about changing 
atmospheric conditions, but it was an obser~ 
vation I could not accept.” says Callaghan. 


down through generations” 
Furthermore, how to use indig. 


tific knowledge” says Tero Mustonen, a sub- 
sistence fisher in the Finnish Arctic who also 


studies human ecology. “It's not unive 

not systematic, it’s not free of biases. 

layering that knowledge onto scienti 

can be especially troublesome when they 
onflict, Krupnik adds. 

‘Some scientists are trying to gain a better 
sense of how indigenous people gather infor- 
mation about their natural environment by 
literally working side by side with them, as 


r 
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developing a keener sense of how resilient 
and adaptable their hosts may be in the face 


forts, an indigenous 
slant on Arctic science is on the rise, bring- 
ing to the fore issues about the control, 
acquisition, and dissemination of informa- 
tion. There is no good standard for decid- 
ing when indigenous knowledge is intel- 
ectual property, for example, To strike a 
balance, Kofinas, Krupnik, and others are 
increasingly including indigenous collabo- 
rators as co-authors on papers, Yet, for a 
local to ‘You can’t publish it without 
my appro would never go over well 
in my university,” says Kofinas. 


and lcs Tema Ola, Las Joana, and 
lp install a monitoring station to assess changes in sea ice. 


Gearheard does in her travels onto sea ici 
The hope is that such collaborations might 
se the translation of indigenous knowled 
into scientific data, where that’s appropriate, 
and make science more useful to the locals. 
For example. at the University of Lapland in 
Rovaniemi, Finland, biogeographer and veg- 
tation scientist Bruce Forbes is 3 years into 
4-year project examining how the terre 
trial ecosystem in parts of Siberia and the 
Eastern European Arctic are changing. He 
and his colleagues migrate with the Ne 
reindeer herders. living and working along- 
side them in teepeelike structures 

During one such migration last Novem- 
ber, a major “icing event” occurred in which 
the air temperature warmed enough for rain, 
again. The water froze atop the 
2 ult for the reindeer to 
access food. By documenting how the 
Nenets reacted to this situation, which until 
recently was very rare, the scientists are 


governments are becoming ever more pro- 
‘active. In Canada, they actively screen projects. 
that fall into their geographic region. For 
caribou-monitoring network called the Arctic 
Borderlands E Knowledge Co-op, 


\with other residents about caribou populations. 
“I's local folks running the show. Kofinas says. 
Pungowiyi. the Alaskan native, also thinks 
it'stime to get more involved with the“ ground 
squirrels.” He recently submitted his first pro- 
posal to the U.S, National Science Foundation 
with Henry Huntington, a social scientist in 
je River, Alaska, to examine climate 
change effects that indigenous people are 
‘observing on land and in the ocean, Under- 
standing the Arctic requires more than num- 
bers and satellite photos, he insists. There's a 
need to “put a human face to the effects,” he 
points out. “That's what we're trying to get to” 
JENNIFER COUZIN 
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Sailing the 
Southern Sea 


An international project sorts out the 


dynamics of climate and nutrient fluxe: 


in this polar ocean community 


“he spirit of John Martin still seems to 
haunt oceanography 14 years after his 
death from cancer, When he was 

researcher at Moss Landing Marine Laborato- 

ries in California, Martin proposed that mas- 
sive blooms of photosynthetic plankton in the 
frigid Southem Ocean around Antarctica and 
other nutrient-rich but iron-starved waters 
could be an antidote to global warming. By 
pulling carbon dioxide out of the atmosphere 
to build their tiny bodies and then sequester- 
ing that carbon as they die and drift to the bot- 

tom of the ocean, the a 

could reduce greenhouse gases and cool 

Earth. The only thing holding them back, 

Martin argued, was a dearth of iron, a neces- 

sary part of their photosynthetic machinery, 

‘To drive the point home, he once stood up at a 

conference in Woods Hole, Massachusetts, 

tnd said half-jokingly, "Give me a half tanker 
of iron, and I will give youn ice age.” 

Tt was an idea that launched 1000 ships 
“or certainly hundreds.” says Giacomo 
(Jack) DiTullio, an oceanographer at 
Hollings Marine Laboratory in 
Charleston, South Carofina. Although 
Martin did not live to see it, his eol- 
leagues at Moss Landing and others 
confirmed that lack of iron does 
limit growth: In a 1995 experi- 
‘ment, spreading dissolved iron | 
over a 64-km? patch of ocean 
near the Galépagos Islands 
caused a temporary, 30-fold 
boost in phytoplankton biomass, 

DiTullio has also followed in 


Martin's wake. As head of the Conscls yeaa, 
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on Ross Sea Algal Community Structure 
(CORSACS) project, he and his colleagues 
are sorting out what—in addition to iron 
makes plankton communities tick in the 
Ross Sea, the southernmost part of the 
Southern Ocean. It is one of the biggest 
potential hot spots for the phytoplankton 
blooms Martin envisioned. 

The CORSACS researchers have looked 
at half a dozen environmental parameters 
iron, light, carbon dioxide, temperature, and 
several trace nutrients—not only individu- 
ally but also in combination. Doing so is 
“both novel and necessary” for understand~ 
ow this community ean contribute to 
e change, says Philip Boyd, a 
pher at the University of Ot 
Dunedin, New Zealand, 

The data reveal a tangled web of 
interactions between the plankton 
‘community and its environment. 
“Iron addition works” to spark 
plankton blooms. says Jor 
Sarmiento, a climate modeler 
at Princeton University, but 
its clearly not the only factor 
controlling this key part 
of the global carbon 
eyele. In addition, 
the study indicates 


the 
‘Ocean environ- 
ment could shift the eco- 


Southern 


logical balance between 
competing species of 
phytoplankton and, con- 


On ice. The icebreaker RV 
Nathaniel B. Palmer crunched 
through winter pack ice to reach 
‘open water in Antarctica’s frazen 
Ross Sea for algae studies 


sequently, alter the contribution of phyto- 
plankton to the carbon cycle. Such shifts 
‘could in turn exert “a very large impact on the 
air-sea balance of carbon dioxide,” says 
Sarmiento, CORSACS’s challenge is to nail 
down these complexities so they can be built 
into climate models 


Probing a complex soup 
The Ross Sea is a tough place to work, Its 
thick blanket of ice covers all but a France- 
sized pool, or polynya, where sunlight allows 
phytoplankton to flourish, For two cruises 
(December 2005 to January 2006 and then 
again November to December 2006), the 
researchers worked there around the clock, 
‘often with wet and freezing hands, while their 
shipboard laboratory pitched wildly beneath 
their feet. Although satellite data, easily col- 
lected from the comfort of one’s office chair, 
can provide information about plankton den- 
sities and environmental conditions, “there's 
just no other way to answer the kind of qu 
tions we're after.” says DiTullio. To predict 
how the phytoplankton community will react 
toa changing environment, the researchers 


had to survey conditions in real time and test 

samples onboardto avoid confounding factors 

introduced by shipping them to labs on land. 
The team dangled sampling devices that 


tracked iron and other nutrient concentra- 
tions, as well as light, temperature, and pH 
at various depths throughout the eruises. At 
the same time. they studied the species 
composition, biomass, and photosynthetic 
activity. As Martin predicted, the survey 
data “consistently demonstrated iron limita- 
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tion of growth,” says DiTullio, Wherever iron 
\was available—blown in as dust or trans- 
ported in water upwelling from the deep—the 
plankton multiplied, but only as long as the 
iron lasted. Several experiments onboard the 
ship showed the sime phenomenon: Adding, 
iron boosts growth until the metal is gone. 
But there is more to life than iron, Mak 
ito, an oceanographer at the Woods Hole 
‘Oceanographic Institution in Massachusetts, 
wondered how vitamin B-12, another neces- 
sary nutrient, might affect algal growth, Only 
prokaryotic organisms such as bacteria are 
capable of making the molecule from scratch. 
In most ecosystems, there are more than 
‘enough bacteria to go around, “But the polar 
environments are unique.” says Saito, 
because these bacteria can be so rare there 
that B-12 might limit community growth, To 
test that idea, he took samples of plankton 
from three locations—ranging from low to 
high bacterial concentrations—and ineu- 
bated them fora week in bottles with or with- 
‘outa supplement of the vitamin, 
re enough, adding B-12 boosted the 
algae’ growth in bottles with sparse bacteria, 
\whereas it had no effect when plenty of bacte- 
ria were present. An input of iron may be nee- 
essary forthe phytoplankton to grow, says 


\CS researcher Phillipe Tortell, an 
oceanographer at the University of British 
‘Columbia in Vancouver, Canada, wanted to 
know what increased carbon dioxide concen- 
trations might do to the productivity of the 
Ross Sea, Tortell incubated samples of algae 
in bottles with a range of earbon dion 
ide concentrations, from preindus- 
trial levels up to more than twice 
‘current levels. As one would 
expect for photosynthesizers, 
higher carbon dioxide led to 
higher metabolic rates and 
faster reproduction, But a sur- 
prise was that inereased carbon 
dioxide changed the species mix, 
‘causing one group of diatoms, known 
as Chaetoceros, 1 dominate the rest. This 
result sounds like good news for elimate- 
change buffering, as these particular diatoms 
form long chains of cells that sink efficiently, 
making them adept carbon sequesterers. 

But the story isnot that simple, says Tortell. 


g Algal politics 

Tortel’s carbon dioxide experiments highlight 
§ the dynamic nature ofthe Ross Sea ecosystem. 
§ The Southern Ocean is home toa diversity of 
5 species that compete for resources using differ 


SPECIALSECTION 


‘Abroad sampling. The CORSACS team crisscrossed the Ross Sea (above) to understand what gives some 
plankton species, lke this diatom (below), an edge over others. 


cent life strategies. In the Ross Sea, the diatoms 
and Phacoeystis, a green-brown, single-celled 
photosynthesizer that forms mucus-covered 
colonies, compete to be the top-dog alga. And 
the dominant species can vastly change the 
‘community's impact on the carbon cyele. Thus, 
understanding what wives one group of plank- 
ton an edge over another is key to predicting 
how the Ross Sea community will evolve in 
response to climate change, sys Tortell. 

Saito has made a start. His group has dise 
covered dense clusters of bacteria thriving 
Within the mucus of Phaeoeystis colonies. The 
bacteria may provide B-12in exchange 
fora free ride in the mucus’searbo- 
hhydrate-rich environment, And 

the mucus may benefit both 
species by acting as a sponge 
for iron. Because of this sym- 
biosis, “Phaeocrstis may out- 
compete diatoms,” says Saito. 
This interplay between bac~ 
teria and algae and between the 
algae themselves isoccurring against 
a backdrop of the many environmental 
changes associated with global warming. For 
instance, the atmosphere is likely to become 
dustier due to increased droughts and soil 
degradation—potentially delivering more iron 
to the Southern Ocean, Warmer surface waters 
‘could also shift the ocean’s ecological balance. 
And increased precipitation and ice melt will 
decrease the salinity of surface waters, which in 
tum will slow down mixing with saltier lower 
levels. Less mixing means more time spent 
near the surface, says DiTullio, which is effec- 


tively “an increase in the average light level, 
‘experienced by phytoplankton: 

To test how these changes may act in con- 
cert on algal growth, a team led by David 
Hutchins, an oceanographer at the University 
‘of Southern California in Los Angeles, grew 
cultures of plankton during both eruises while 
tweaking temperature, ight, and carbon diox- 
ide and iron concentration simultaneously, 
Models of the Ross Sea based on field obset- 
Vations have “typically assumed that high light 
and high iron would favor diatom communi- 
ties.” says Hutchins. But under high light and 
high iron concentrations in his experiments, 
Phaeocystis thrived whereas diatoms lagged, 

These dynamics make the Southern Sea a 
devilishly complex environment for climate 
researchers to model, Whatever ecological 
shifts wait over the horizon, says Hutchins, 
they will alter“the efficiency ofthe biological 
pump” for pulling carbon dioxide out of the 
atmosphere. And what sign will be attached to 
that change—positive or negative—is still 
anyone's guess. 

At this point, the CORSACS cruises have 
generated more questions than answers. In 
‘April, the researchers will gather in South Car- 
colina to analyze the data. But one thing is 
already clear, says Boyd: “They indicate that cli- 
‘mate change will simultaneously impact a wide 
range of ocean properties in Antarctica.” The 
‘big question is what those changes will mean for 
global climate in the coming decades—an 
‘unplanned experiment on a far grander scale 
than anything Martin ever imagined. 

JOHN BOHANNON 
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Boom and Bust ina 


Polar Hot Zone 


Changes in penguin and other populations on the Antarctic peninsula 
reflect the turmoil caused by climate change 


hen William Fraser first arrived in 
Antarctica in 1976 to study Adétie 
penguins, their nesting sites were 


surrounded by sturdy sea ice, “We could ski for 
tiles,” recalls Fraser, an ecologist with Polar 
Oceans Research Group, a small nonprofit 
‘organization in Sheridan, Montana, 

No longer. In the past 30 years, Fraserand 
his colleagues have witnessed a stunning 


Slippery slope. 


change in the climate, one that is altering the 
imix of species in the West Antarctic Penin- 
an icy mountain range that reaches 


toward South America, Airand ocean temper- 
atures have risen, causing less ive to form and 
more snow to 


il. “This ecosystem is on fire’ 
the College of William 
Institute of Marine Seienc 


ken a dramatic toll on 
some species, especially Adélie penguins, 
as their habitat and a key prey are disappear- 
ing. Also, new experiments suggest that 
increased snowfall is adversely affecting 
nesting. “The story for Adélies is absolutely 
all.” Fraser says. 

But the tale is not one of universal suffer- 
ing. On the peninsula, the populations of other 
species of marine birds and mammals are 
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booming. As sea ice diminishes, living condi- 
tions seem to be improving for them. 
Antarctica, even Adélies are benef 
some places. They are expanding into areas 
‘where sea ice was once too extensive. 

No one knows haw long such favorable 
conditions will last, But as the hottest of 
polar hot spots, the West Antarctic Peninsula 
provides a sneak preview for the rest of the 


continent. “This is 

one of the best examples we have of an 
ecosystem where we 
of rapid climate change,” say 
such, “it may be harbinger of what will hap- 
pen elsewhere as the system breaks down.” 
adds Gerald Kooyman, a penguin biologist 
at the Scripps Institution of Oceanography 
in San Diego, California. 


see the 


In hot water 
The West Antarctic Peninsula has proven 
especially vulnerable to climate change, The 
peninsula's mean winter temperature has risen 
6°C since 1950—the fastest rate on the planet. 
The ocean has warmed by nearly 0.7: 

Those trends have made Palmer Station, 
located at the northern end of the peninsula, 
a focal point for research on the impact of 
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climate change on polar ecosystems, For the 
past 17 years, Fraser and about two dozen 
researchers have fanned out from this base 
camp to sample a swath of 120,000 km 
They're studying the ecosystems’ physical 
and biological components, including 
penguins, seals, fish, and krill, which 


anchor the food web. 

The clearest trend is in the penguins. 
Adélies on the peninsula have suffered a 
by 


70% decline from the 1970s, yet ne: 
populations of gentoo and chinstrap pe 
guins have gone through the roof, One di 
ference is that Adélies prefer fairly wide 
expanses of ice, whereas the chinstraps, for 
example, like open water, Sea ice is forming 
later and retreating sooner each winter, 
resulting in 85 fewer days of ice cover than 
25 years ago, Ducklow and his colleagues 
reported in January in the Philosophical 
Transactions of the Roval Society of London. 

Adelie penguins may also be affected by a 
decline in silverfish, which were once half this 
uin’s diet, Now the penguins eat mostly 
rill, which are just as nutritious but not as 
reliable asa food source because their popula- 
tions periodically bottom out. When krill 
decline, the penguins havea harder time feed- 
ing their chicks, says Fraser 

There’s trouble for Adélies on land as 
well. Adélies nest on rocky ground, near the 
shore, Fraser and his colleagues have studi 
seven major colonies in the $0 square kilo- 
‘metersaround Palmer Station, Abouta dozen 
years ago. they noticed that some of the 
colonies were shrinking much more severely 

than others, even though the birds 

: were feeding in the same area, 

He wondered whether snowfall 

was a factor. By comparing snow accu- 

‘mulation at various colonies, Fraser 

ered that chicks tended to weigh 

colonies with deeper snow. The colony with 

the most snow, on Litchfield Island, has fared 

the worst, declining from roughly 1000 breed- 
ing pairs in 1975 to zero last year. 

To confirm his suspicion, Fraser and his 
colleagues erected a fence near a northeast- 
facing colony where winds normally blow 
snow away, causing snow to accumulate on 
half the nests. According to unpublished 
results, chicks behind the snow fence 
weighed up to 15% less than chicks from 
nests a few meters away with no snow. The 
explanation, Fraser says, is that Adélies only 
egas on dry ground, Penguins in areas 


with more snow wait longer to breed, and 
their later-hatching chicks miss the 2 weeks 
when krillare most abundant, The chicks gain 
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Jess weightand are much less likely to survive 
thenest winter. 

He points out that although Adélie popula- 
tions have fluctuated over millennia, the cur- 
rent decline is unprecedented. Within a 
decade, there may be no more Adélies within 
200 kilometers of Palmer Station, 

This doomsday prediction doesn’t tell the 
whole story, however. As Adélie penguins lose 
‘ground, other species are thriving. Species 
that prefer open ocean used to be limited to the 
north and east parts of the peninsula, where 
the ocean didn’t freeze during the winter. 
Now, with ever more open water, these species 
are expanding their ranges, 

In the past decade, Palmer Station has 
huge proliferation of southern fur 
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seals and southern elephant seals—species 
that were present only as small colonies in 
the 1990s. In one case, a population of six 
seals now numbers 5000. The presence of 
these species suggests that a sub-Antaretic 
ecosystem is replacing the polar ecosystem 
of Adélies and silverfish. 

But as this ecosystem moves southward, 
so to0 is the “polar” world, and that’s good 
news for the overall survival of Adélie pen- 
‘2uins. Some 400 kilometers south of Palmer 
Station, the populations of Adélies in Mar- 
guerite Bay have tripled since the 1950s. 
Just as Adélies don’t like a lack of ice, they 
also dislike a surfeit—the greater expanse 
akes it strenuous to reach open water for 
foraging. The warming climate and reduced 


For Extreme Astronomy, 


Head Due South 


Over the past decade, small telescopes in Antarctica have revealed key 
features of the early universe. Now astronomers are rolling out the big guns 


scopes in idyllic locations—atop 

‘Mauna Kea in Hawaii, for instance, oF 
in the Canary Islands, Not John Carlstrom, 
During the just-finished austral summer, his 
team shipped 270 metric tons of equipment to 
the South Pole and raced to assemble a new 
radio telescope with a 10-meter dish before 
Winter shuts down flights and maroons 
Amundsen-Scott South Pole Station for 
‘9’ months. “Everything has to be ready to 0." 
says Carlstrom, of the University of Chicago 
in Minois. “There's only so much you can do 
in 3 months”” 

Toextreme astronomers. Antarctica’s unri- 
valed view of the stars makes the prodigious 
and risky work to build a scope there worth- 
while, Water vapor, the enemy of radio 
astronomers who tune in to microwave sig- 
nals, is virally absent at the bone-diry pole, 
And microwaves are not the only game in 

Istrom’s South Pole Tele- 
scope (SPT), a giant neutrino observatory, 
TeeCube, is taking shape. 

They are the vanguard. Surveys on the 
Antarctic plateau have pinpointed perches 
with little atmospheric turbulence, ideal for 
astronomy at infrared wavelengths. “These 
are the best sites in the world by a big factor.” 


Se: astronomers choose to build tele~ 


anguesastronomer Edward Kibblewhite of the 
University of Chicago. As a result, optical 
astronomers are hatching plans for front-rank 
“observatories across the frozen continent. 


‘Some astronomers are hedging their bets on 
Whether the risk is worth taking. “Almost every 
common system that we use at our very large 


telescopes now would failin the extreme condi- 
tions in Antarctica.” says Daniel Fabricant of 
the Harvard-Smithsonian Center for Astro- 
physics in Cambridge, Massachusetts. Today’s 
pioncers have yet to prove that big optical or 
infrared scopes in Antarctica are feasible, he 
says. Kibblewhite, for one, is taking up the 
_gauntlet:“The pain of building there isoffset by 
the fantastic capabilities” 


Cold, high, and dry 
Since the early 1990s, astrophysicists have 
wwerly pitel mp in Antarctica to study 
the cosmic microwave background (CMB) 
radiation, a relic of the early universe when 
the plasma of electrons and protons coa- 
lesced into atoms and the universe became 
transparent. Over the cons, photons from 
that primordial fog have cooled to 
microwave wavelengths. Since the CMB’s 
discovery in 1965, researchers have interro- 
‘d it for clues to what the universe was 
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sea ice are apparently making Marguerite 
Bay a nicer place for Adélies to live. That's 
true farther south too, says David Ainley of 
H.T. Harvey & Associates in San Jose, Cal- 
ifornia, who studies Adélies in the southern 
Ross Sea, “As ice shelf breaks up, there 
should be more habitat, and we should be 
secing more penguins.” 

Still, Ainley and others caution that it’s 
divey to predict exactly what will happen 
ecosystems continue to respond to climate 
change. But looking back on the fate of the 
Adélies he has watched for 3 decades, Fraser 
offers a warning: “IF Anta amodel for 
how ecosystems might change in other parts 
‘of the world, the changes will be severe.” 

ERIK STOKSTAD 


like in those early days and to test various 
models of the big bang, 

Because water vapor absorbs microwaves, 
CMBastrophysicists must put their telesco 
in space or some other ultradry place. Some 
flocked to mountaintops or deserts, Others 
chose Antarctica, where moisture freezes out 
of the air. Early scopes on the ice Looked for 
\wrinkles in the CMB— variations inthe radia- 
tion’s temperature across the sky. The field 
really took off after the Cosmic Background 
Explorer satellite charted wrinkles over the 
whole sky in the carly 1990s, The satel lit 
map revealed an early universe of uneven den- 
sity. in which denser regions led to galaxy 
clusters seen today. 

Continuing the work, the Degree Angula 
Seale Interferometer, based at the South Pole, 
discovered in 2002 that CMB radiation is, 
slightly polarized, giving a picture of how 
regions of different densities were moving 
early on. And BOOMERANG, a CMB tele- 
scope flown over Antarctica by balloon 
1998 and 2003, sls to esti 
mate the universe's overall density, leading to 
the conclusion that spacetime has no overall 


Itis scrutinizing polarization in an attempt to 
put limits on certain properties of the early 
universe, stich as how much normal matter 
there was, But in QUaD‘s first season in 2005, 
the experiment almost ground toa halt when it 
nearly exhausted South Pole station's liquid 
nitrogen and helium, used to chill the scope's 
est challenge 
is having no access [during the winter].” mak- 
ing maintenance difficult, says QUaD 
astronomer Walter Gear of the University of 
(Cardiff, United Kingdom. 
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Another recent a 


ival at the pole is the 


Background Imaging of Cosmic Extra~ 
galactic Polarization (BICEP) telescope. 
BICEP aims to answer one of the burning 
y. Bi 

niverse underwent 
ation. It’s 
impossible to peer into the opaque young 


questions of cosmolo ang th 
prediets that the infant 


a rapid expansion known as 


universe to verify that inflation occurred, 
But if it did, it would have created a cosmic 


fusion of gravitational waves—some- 


}bsent from other theories. The tech: 


nology does not exist to detect a gravita- 
tional-wave background, but the waves 
should have left a faint fingerprint in the 
form of a slight swirl in the CMB‘ polariza- 
tion. BICEP is the first seope designed to 
detect this, says project leader Andrew 
Lange of the California Institute of Technol- 


ogy in Pasadena, 


awity’s subtle 


To perceive ature in 
the early universe, a telescope must pee 
‘one patch of sky for days onend. “Atthe South 
Pole, you can stare relentlessly at the t 
Lange says, because the same stars circle the 
pole at the same elevation. Afier BICEP’ first 
season last year, the team is ho 

torsand expects to reach the required sensitiv 
ity in the next ye: 


or two. “We could see 


something soon,” says La 


Big science arrives 
With the installation of the 10-meter SPT, a 
behemoth has taken its place beside the much 
smaller scopes. Although the CMB is also the 
target of this newcomer, its principal gout! is 
not to study the early universe but rather to 
probe the nature of dark en 
unseen force that is speeding up th 
expansion, SPT will study the evolution of 
laxy clusters over the universe's history. 


amysterious, 


Because dark energy seems to push every- 
thing apart, it inhibits the growth of galaxy 
clusters, so studying how clusters have devel 
oped should reveal something about dark 
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observe clusters directly 
SPT will look for the imprint they have left on 
the CMB as it has wafted through space 


Building the delicate instrument at the 


pole was no mean feat. All moving parts must 
be sheltered for warmth, while the exposed 
dish’s aluminum panels are kept ice-free with 
electric h 


aters. It took three Field seasons to 
assemble the scope; afier finishing its con- 
struction in January, most SPT crew members 
flew home and will control the scope from the 
relative comfort of Chicago. Three col 
leagues will winter at the pole to ensure SPT 
runs smoothly. The scope saw first light o 
16 Febr 
science results this austral winter, 


ry, and Carlstrom expects initial 


SPT's completion was a sprint compared 
to IceCube, one of two major rivals in 
observing neutrinos from deep space. These 


born in the he 


particles a 1s of stars and 


cosmic calamities such as supernovae and 


nma ray bursts. They are ch 


nd race by at close to | 
speed. Space is teeming with them. But they 
rirely interact with normal matter, Bill 
pass right thro. 


body every second 
Without ever interacting, 
Researchers detect the 


hostly particles by 


lance. After a neutrino strikes a nucleus, the 


a flash of 


streaking subatomic shards produc 
light that spreads in a cone shape. The cone’s 
Is the direction the ne 


came from, maki 


it possible to retrace the 
th — perhaps all the way back to 
the cosmic event that spawned i. 

that 
cubic kilometer of water is necessary te 


neutrino’s 


Researchers est ughly a 


a fix on neutrino sources. A Europe: 
plans to use the Mediterranean as an instru- 
ment by floati gs of detectors 
anchored to the sea floor, Their US. counte 
parts are usit a water, borin 
into the Antarctic plateau with a hot water 
drill and then lowering 


sti 


g ice rather th 


trings of detectors 
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into the holes, which will fill with water and 
freeze. IV's a mammoth undertaking, Each 
boreholeis2.5 kilometers deep, takes 48 hours 


to drill, and creates 750,000 liters of water, 


TeeCube’s crew members have been honing 
their techniques: Two years ago, they dug a 
single hole; in 2005-06, they managed 
eight: and this season, the team sank 13. The 
target is now 14 holes per season; with at 
Jeast 70 planned, installation has a few 


years to 
Other astronomers, inspired by the ground: 
breaking polar work, are hoping to get inon the 


action, Three years ago, Michael Burton and 
his colleagues at the University of New South 
Wales in Sydney, Australia, used a dd 
vey Dome C, a bulge on 
the plateau that’s home to the French-ltalian 
Concordia station. There they found “uniquely 
ns,” Burton says, “two times 


test scope to si 


stable cond 
better than any temperate latitude site." The 
key isscant turbulence above about 30 meters 
that can be corrected usin 
Kibblewhite says, 

As part of the International Polar Year, 
the Australian team in 2007-08 will set up 
her test scope at Dome A, where China 
has ambitious plans for astronomy (see 
p.. 1516). The Australians’ long-term goal is 
2-meter telescope called PILOT at 


adaptive optics, 


tocrecta 


Concordia, “Big enough to do interesting 


science, but not too expensive.” 
PILOTS im: 
in quality to those of the Hubble Space Te 
scope. Kibblewhite and U.S. collaborators 
have grander plans: a 15-meter telescope at 
one of the domes, with a mirror made of 


Burton says 


s, he predicts, will be similar 


many small segments to reduce weight and 
cost, Planning ly stag 

Kibblewhite believes that with astron- 
‘omy’s history of intemational collaboration, it 
won't be long until nations work together to 
build large observatories in Antarctica. If so, 
they will owe a debt to Carlstrom and other 
polarastronomy pioneers. DANIEL CLERY 
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Race to Plumb the Frigid Depths 


In the Arctic Ocean, research fueled by national claims could reveal past 
climates, unknown life forms—and vast natural resources 


y all appearances, Trine Dahl-Jensen 
B« Ruth Jackson have transcended 
national boundaries in the name of 
science. Working for the geological surveys 
of Denmark and Canada, respectively, the 
geophysicists are mapping the structure of 
undersea rocks hundreds of kilometers north 
Of Greenland and Canada’s Ellesmere Istand. 
In this forbidding region, habitual conver- 
gences of winds and currents force ive floes 
into solid jumbles 100 meters thick. Polar 
bears, whales, and even icebreakers are 
frozen out. Most knowledge of the depths 
comes from a few sounding 
tracks made by Cold War subs, To 
gather data, Dahl-ensen and 
Jackson land by helicopter 
explosives, collect echoes from 
the bottom, and then scramble 
back to the Canadian military 
base of Alert, humanity's north- 
‘ernmost toehold on land, 
Actually, national interests 


setoff 


are their reason for being here. 
The five nations bordering the 
Aretic Ocean are in an under- 
\water land rush to legally divvy 
up much of the 
based on its geology. In this pa 
ticular region, Canada and Den- 
mark have teamed up to cut 
costs, Other scientists are hunting for oil 
and minerals or seeking sex-floor records 
that might suggest how fast global warm- 
ing could peel back Arctic ice. Denmark 
and Canada have budgeted $80 million for 
mapping over several years. Jackson com: 
pares it to the Americans’ 1867 purchase of 
Alaska from Russia. “It might not have 
seemed too useful at the time,” she says, 
“but give it another 30 or 100 years. 
Similar nationally funded projects have 
already sparked some nasty disputes, but 
the money is sloshing over into the Inter- 
ational Polar Year (IPY), where it might 
foster cooperation. Researchers say that 
once the polities are sorted out. the same 
data can clarify murk ical, ecologi- 
§ cal, and climate questions. to the benefit of 
§ all. Territorial claims “are giving us an 
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Boom with a view. A 


‘opportunity to work in unknown areas of 
the world that we would never get to other- 
wise.” says Dahl-Jensen. “There are all 
kinds of sciemtific spinoffs. 


Undersea land grab 


Studying the Arctic se 


floor, never mind 


rving claim to it, once seemed impossible. 
The heavy ice cover on the 14-millio 

square-kilometer northern ocean has long 
kept even basic bathymetry vague. In the 
1990s, the U.S. Navy declassified a smatte 
of sub soundings and invited civ 


entists on cruises. The Russians have 
prowled Arctic waters secretly for decades 
and still keep much of their data off-limits, 
Only during the last decade have cruises by 
Canadian, German, and Swedish breakers 
‘opened a window to sea-floor geology. and it 
‘was not until 2001 that the U.S. Coast Guard 
commissioned its first An 
ker, the Healy. Its inaugural cruise to the 
Gakkel Ridge, in the deep central An 
revealed rumbling volcanoes and apparent 
hydrothermal vents where conventional te 
tonic theory predicted there would be non 
(see sidebar, p. 1527). 

Such discoveries herald resources that 
might soon become accessible. Undersea 
vents commonly precipitate metals, includ- 
ing copper. gold. and silver. With undersea 
mining in its infancy. these deposits might not 
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ling rig in the Beaufort Sea. Warming temperatures 
should make it easier to extract oil and gas from the High Arctic. 
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be tapped soon, but other resources could 
become available, says James Hein, a senior 
researcher at the U.S. Geological Survey 
(USGS), who tracks Arctic minerals. These 
might include placer deposits of diamonds or 
gold washed by rivers onto shallow continen- 
tal shelves from Canada or Siberia, Dramatic 
summer melting in the last decade has opened 
shipping channels, and companies have 
begun prospecting. “No one is going to know 
what they've found until they're ready to 
move,” says Hein, 

The big prize, almost certainly, is hydro- 
carbons, In 2000, USGS estimated that 
maybe a quarter of the world’s undiscovered 
hydrocarbons—an estimated 3.1 trillion to 
11 trillion barrels of oil —lies in the Arctic. 
USGS research geologist Donald Gautier is 
heading a new eireumpolar hydrocarbon 
survey, When it comes out in 2008, “it is log- 
ical to think” the estimate will go up. he says. 
Along with known oil and gas reserves 
already mapped in near-shore 
zones, such as Alaska’s Prudhoe 
Bay, deposits may be locked up in 
gas hydrates farther out, One 
speculative map from the Geolog- 
ical Survey of Canada forecasts 
hydrate fields extending to the 
pole, Although all wells currently 
hug the shore, many companies 
are developing hardware to 
expand deep into ice-covered 
waters, says Graham Thomas, 
chief of cold-regions technology 
for the oil company BP 

Geologie information is cen- 

al to the territorial elaims them 
selves. Under the U.N. Conv 
tion on the Law of the Sea, the 
United States, Russia, Norway, Canada, and 
Denmark (which administers Greenland) 
im underwater rights beyond their 
ical-mile economic zones via any 


may 
200-nai 
submerged “natural prolongation” of their 
landmasses. The UN. rules are based on for- 
malas that take into account the contour line 
where water depth reaches 2500 meters, 
along with details of seabed geology. inelud- 
ing measurements of sediments that may 
have eroded off continental shelves. Most of 
the Arctic Ocean is ringed with expansive 
shallow continental shelves and possibly 
related topographic features, so nearly the 
whole ocean may someday be claimed, 
except for a couple of small doughnut holes 
Way out in the middle. The United States, 
which has yet to ratify the convention, has 
been mapping the seabed since 2003: it could 
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gain some 600,000 square kilometers of 
Alaskan shelf, worth $650 billion if present 
oil estimates hold up. 

The really dicey part is mapping the deep, 
central Arctic, which is crisscrossed by a half- 
dozen huge underwater mountain ranges that 
may or may not be connected to certain land- 
‘masses, depending on whose scientists you 
listen to, One major feature is the 1800- 
kilometer-long Lomonosov Ridge. which 
runs from above the central Siberian cont 
rental shelf through the North Pole, to above 
Greenland and Ellesmere. Most scientists 
© that it peeled off from the shelf of what 
indinavia some 60 mil- 
lion years ago, One end stuck near Siberia 
while the rest pivoted outward, like a splinter 
being pried off a log. Based on this history and 
proximity, the Russians say itis theirs, upto 
the pole, On the other side of the pole, 
son and Dahl-Jensen are building 
uida and Greenland, 
Ifthey succeed, Denmark stands 
to gain up to 180,000 square 
kilometers—four times the size 
of Denmark itself, 

By measuring seismic 
waves passing through the sea 
floor, the scientists hope to 
establish that the rocks under 
the Lomonosov are deep- 
seated and of low density, and 
thus probably of contine! 
origin. They are also mapping 
sediments and bathymetry in an 
effort to show that their lands and 
the Lomonosov may be linked. 
Never mind where the ridge came 
from, says Jackson, “The question is 
what it's attached to now." Under a 2005 
agreement, their findings are secret, but the 
scientists make no bones about their govern- 
iments’ aim: With the ridge neatly straddling a 
midline above Greenland and Ellesmere, 
although not actually connecting to either, the 
nationsaim to divide itup. 

‘Some experts don’t buy this argument. 
Lawrence Lawver, a marine geophysicist at 
the University of Texas, Austin, says such 
claims “are based more on desire than geol- 
ogy.” It’s hard to argue that the Lomonosov is 
part of either Greenland or Canada, he says: 
[t's just moving past as they wave hello.” 

Lawver and other Western researchers 
reserve harsher words for their Russian 
colleagues. Along with half the Lomonosox, 
Russia claims much of the vast. deep Alpha- 
Mendeleyev ridge system and parts of the 
adjoining Amerasian basin, which span east- 
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cen Siberia wo central North America, Added to 
everything else they want, this would give 
Russia half the ocean bed. Their arguments 
include Siberia’s proximity to one end of the 
Mendeleyev, dredged-up continental rocks 
eroded from the ridges, and magnetic signa- 
turesnd other geophysical measurements that 
they claim show that Eurasian-type continental 
crust underlies both the ridge and parts of the 
adjoining basin. Viktor Poselov, deputy di 
tor of the Gramberg Research Institute for 
Geology and Mineral Resources of the World 
Ocean in St. Petersburg, invokes a theory of 
“vertical tectonics.” In this scenario, much of 
‘what is now the Arctic sea floor is continental 


Cold rush. The five nations bordering the Arctic 
Ocean are using geology to lay claim to large 
chunks of se3 bottom—and the virgin mineral and 
hydrocarbon assets buried beneath. 


crust that sank as a block and became 
“oceanized” Russian documents assert 
Itishard to find a non-Russian who agrees. 
In 2001, Russia submitted its proposed claim 
to the U.N.'s scientific Commission on the 
Limits of the Continental Shelf—still the only 
formal proposal by any country—and it was 
quickly sent back for more work. North Amer- 
ican and European scientists assert that the 
geophysics is at best ambiguous. Most say that 
any continental rocks from the bottom are 
migrants swept out by ice from present-day 
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continents—probably North America. They 
variously propose the Alpha-Mendeleyev sys- 
tem to be a product of hot-spot activity, mido- 
ean spreading, or subduetion—all purely 
oceanic processes not tied to Eurasia. 

Arthur Grant, a retied USGS polar expert, 
calls the idea that buoyant crust could somehow 
sink into the abyss “kind of nutty." He and oth- 
ers contend it is a notion peculiar to Russia: 
and old-fashioned even there—and long dis- 
credited by plate tectonics, “I understand where 
they're coming from, though.” Grantz says. 
“They're under great pressure. Their govern- 
‘ment gave them a lot of money, and it expects 
them tocome up with a certain result.” Lawver, 
Dahi-Jensen, and others agree. Geologist Ron 
M ib, a member of the Canadian Polar 


Russian scientists have shot buck, An 
official summary of 2003 conference 
‘organized by their Ministry of Nat- 
ural Resources calls the criticisms 
‘presumptuous” and “strange.” 
Because there is so little credible 
data, the Arctic sea floor’s his- 


unlikely to figure it out if they 
don't stop bickering, “We're 
developing a train wreck in the 
Arctic unless we get together 


he says, 


on this 


Curious cores 

Ifthe sea ice keeps melting at its 
current rate, the confrontation over 
Arctic territory will intensify: yet 
‘most scientists are loath to predict what 
the climate will do, because itis difficult to 
disentangle the effects of humanmade green- 
house gases from natural cycles of warmth 
and cold. For this, bottom cores recording 
past sea-ice cover, water temperatures, and 
movements of glacial sediments may provide 
the most telling evidence. 

The first deep-sea Arctic sediment cores of 
great age—still the only such smples—were 
brought up by the Integrated Ocean Drilling 
Program (IODP) in 2004, 320 kilometers from 
the North Pole. Detailed analyses published in 
Nature and Geophysical Research Letters last 
‘year portray the Arctic of 45 million to $5 mil- 
on years ago as. landlocked, scummy pond, 
a temperatures were warm enough to sup- 
port thick layers of ferns and algae. Younger 
layers show long-term cooling, with more cold- 
‘water plankion and superthick glaciations or 
sea ive scouring the bottom. Subsequent warm, 
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Thriving Arctic Bottom Dwellers Could Get 
Strangled by Warming 


Ten years ago, biologists skirting Canada’s mainland Arctic coast on an ice 
breaker lowered a video camera to the bottom and got a surprise. Instead 
‘of the desolation they expected below ice-covered waters, there was a 
crowd. Stender britle stars elbowed each other; fish glided by; anemones 
writhed under the camera's bright light. This wonderland could be jeop- 
ardized by climate change. “We don’t know until it happens, but if you 
have no ice, you probably have no typical Arctic fauna,” says Julian Gutt, a 
marine ecologist at the Alfred Wegener Institute for Polar and Marine 
Research in Bremerhaven, Germany. 

The Arctic bottom fauna, or benthos, is surprisingly rich in species, 
abundance, and ecological significance. Of the northern 
‘ocean's 5000 known marine invertebrates, 90% live on 
the bottom, In shallow waters, they form the basic diet of 
many topside creatures including seabirds, walruses, 
bearded seals, and bowhead whales. Although many of 
the tiny creatures are migrants from North Atlantic 
waters, up to 20% are Arctic endemics. 

The bounty exists because of the cold, not inspite of it 
During the brief summer warmth, ice algae and cold-water 
plankton explode into life. In warmer waters, such simple 
organisms are devoured by zooplankton, which are 
devoured by predators, and so on up the food chain; thus 
hutrients stay in the water column, But in icy Artic water, 
zooplankton do not grow fast enough to consume the sudden rushes of plant 
life, Asa result, much ofthe plant lif sinks tothe bottom, where creatures 
there get it. For this reason, the benths “can have production that is actu 
ally greater than in the tropics,” says Bodil Bluhm, a benthic ecologist at the 
University of Alaska, Falnbanks (UAFD. 


periods occurred, but the timi 
‘causes, and possible interactions of wa 
Most other cores 


amplitudes, 
n-cokd 
cycles are perplexin ath 
ered so far go back only a few hundred thou- 


records 
icebreaker Ou 


sand years, Even [OP's cores are missing a 
giant chunk of time—sediments from 43 mil 
lion to 18 million years before present 


because they were apparently uplified and 
eroded away in some as-yet-unidentified event. 


Efforts are under way to beef up the 
Last year, the Healy and the Swedish 
m teamed up in the central 
Arctic Ocean to pull sea-floor cores that 
researchers hope will cover 
years. Leonid Polyak, a marine 
Ohio State University in Columbus who 
participated, says some cores exhibit up to 
80 cycles of apparent glacial melt 
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Deep impact. Experts debate how well Arctic benthic communities will 
weather warming, 


Many biologists hypothesize that climate change could hurt the Arctic 
boenthos and the large creatures that live off it by wiping out ice (and hence 
ice algae), lengthening growing seasons for zooplankton, and giving warm 
water species a foothold. “The way the system works now is very much in 
favor of the benthos,” says UAF polar ecologist Rolf Gradinger. "I the sy: 
tem changes, things could go downhil fas.” 

A preview might come from the Bering Sea, between Russia and Alaska 
There, higher water temperatures and pullbacks in seasonal ice have pro 
agressed fast in recent decades. Osygen uptake in sediments (an indicator of 
carbon supply to living things) has dropped by two-thirds, and populations 
of benthic creatures such as mussels have declined by half. Diving ducks, wal 
ruses, and gray whales are moving anay, while pollock and other southern 
pelagic ish are streaming in Science, 10 March 2006, p. 1461). 

Preliminary evidence suggests that higher temperatures may be start 
ing to have similar effects in the more northerly Barents and Laptev seas, 
off Scandinavia and Siberia, says Dieter Piepenburg, a marine biologist at 
the University of Kielin Germany. Piepenburg, who wrote a 2005 review on 
Arctic benthos in Polar Biology, says it remains to be seen whether this 
would spell the end. He says that Arctic benthic organisms have probably 
already weathered not only warm cycles but also cold ones so extreme that 
deep ice sheets repeatedly scoured bottoms clean of life far out to sea. 
Piepenburg thinks the organisms may have migrated to deep waters and 
then recolonized when the coast was clear 

Those deep waters may also contain more life than previously believed. 
1n 2001, U.S. researchers over the remote Gakkel spreading ridge detected 
chemical plumes indicating hydrothermal vents—which feed biological hot 
spots in other parts of the world—but were unable to 
locate a source. Indeed, no vents have yet been found any: 
where in the Arctic, but as part ofthe Intemational Polar 
Year (1PY), US. researchers in July wll return to the Gakkel 
and deploy new under-ice autonomous vehicles to hunt 
down and sample the chemical plumes. If they find vents 
and vent creatures, the organisms may well be unique, 
because the narrow straits connecting the Arctic to other 
oceans ate too shallow to allow movement of deep-sea 
creatures and thus mingling of genes. 

Researchers are bound to discover many polar organ: 
isms, especially in deep places like tis, says Gradinger, 
Who is leading the Arctic Ocean inventory for the world 
wide Census of Marine Life. The deep basins are mostly unexplored, he 
says, and many small creatures that live buried in sediments even in shal: 
low areas have yet to be glimpsed. IPY may help change this; within its 
framework, Gradinger counts 20 biological collecting projects slated so far. 

“KK, 


cated by alternating bands of different-colored 
grains. Polyak say’ it appears that the bands 
come at intervals of 20,000 y. 
that they rep 

orbit; however, he is unsure, because the cores 


. Suggestin 


fesent fluctuations in Earth’s 


he last milli 


have not yet been well dated. His colleague 
Dennis Darby, a paleoclimatologist at Old 
Dominion University in Norfolk. Virginia, 
says one core from 1300 kilometers north of 


indi- 
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Alaska showsa separate 240-year freeze-thaw 
cycle, written in sediments scraped from con- 
tinental shelves by sea ice, Darby believes this 
periodicity must be connected to some ocean- 
circulatory pattern that presumably stil exists 
bbut has not yet been noted in modem times. 
He, Polyak, and others presented preliminary 
findings at the American Geophysical Union 
(AGU) meeting in San Francisco, California, 
last December. 

Next August, during IPY, a European con- 
sortium hopes to recover cores from the Fram 
Strait, which runs between Greenland and 
Norway, connecting the Aretic Ocean to the 
‘North Atlantic, Here they hope to find records 
tracing sea ice and currents decade by decade 
during historical time. This would fill an 
important sap. Although researchers have 
good decadal climate records from glacial ice 
cores, they lack comparable data fiom the sea 
because sediment accumulates too stow 
most ofthe Aretic. 

Researchers identified the Fram site 


October asia place where currents concentrate 


sediments faster. They hope to cover the 
Medieval Warm Period, when melting may 
have rivaled today’s. “The extent of short-term 
‘ocean variability dur 
ing the past, especially 
in warm periods, is 


eae anogra- Change}—what are they 
pher Robert Spiclh- basing this on?” 


gen of the Leibniz 
Institute of Marine 


volved 
in the coring, “If scientists o policymakers 
‘want to understand our present situation, we 
have to have those records.” 

Another open question is the extent to 
which long-term tectonic rearrangement of 
the landmasses around the heavily landlocked 
Arctic Ocean has influenced climate, Before 
the drift of landmasses opened the Fram 
‘Strait, the region was more closed in. Slower 
circulation, or no circulation, could be one 
‘once so warm, says geologist 
Martin Jakobsson of Stockholm University 
Estimates of when the strait formed vary: 
recent research says 15 million years ago. In 
any ease. the circulation may have helped vent 
heat to the Atlantic, pushing the Aretic into the 
deep freeze we see today, Jakobsson says. 
Understanding the Fram’s history would help 
us predict what will happen if the circulation 
begins to change again, he says. 

Other events. including sea-level fluctua- 
tions and periodic blockages or openings of 


“Anyone who says we really 
understand [climate 


—Martin Jakobsson, 
Stockholm University 


the shallow Bering Strait between the Arctic 
and the Pacific, may also have influenced 
mate. And entirely unexpected events may 
have been critical. At the December AGU 
meeting. a group of top Arctic researchers 
including Bernard Coakley, a geophysicist at 
the University of Alaska, Fairbanks, pro- 
posed that a previously undetected 200-by- 
600-kilometer meteorite crater lies at the 
bottom of the central Arctic Ocean, Such a 
massive event, which they say may have taken 
place more than 800,000 years ago, surely 
‘would have disrupted climate signals. But so 
far the group has only a hypothesis, based on 
overturned bottom sediments found in cores 
and unusual nickel spherules found on some 
of Canada’s northernmost islands. “Climate 
change is a very alarming issue, but anyone 
who says we really understand it—what are 
they basing this on?” says Jakobsson. 


Transcending borders 

It hoped that IPY will soften rhetoric and 
get nations working together. At least a half- 
dozen Arctic cruises are planned forthe Polar 
‘Year, all of which will include scientists from 
several nations, Russia has submitted three 
proposals to resurvey 
major ridges and 
basins using seismic 
reflection, bottom 
sampling. gravity 
measurements, and 
other methods. In an 
abstract, Poselov 
acknowledges that 
existing data on areas 
Russia is claiming are “subject to controver- 
sial interpretations” and propases that Rus- 
sia, Sweden, Germany, and the United States 
pool their icebreakers. possibly in 2008, to 
study the Alpha-Mendeleyev ridges and 
other remote areas. “It’s quite possible some- 
thing will work out.” says Coakley, who is 
helping pull together various efforts. 

Germany already plans to send 
breaker, the Polars 
Studies would include identifyin, 
future deep drilling—not attempted in the 
Aretic since the initial [ODP foray in 2004 
Scientists at the Alfred Wegener Institute for 
Polar and Marine Research in Bremerhaven 
are already talking about the drilling itself — 
again, via a multiship expedition—although 
this would come afier IPY. 

Large-scale cooperation is needed both 
for science and safety. Pressure from con- 
stantly shifting pack ice makes it nearly 
impossible for an icebreaker to remain sta- 


tionary long enough to drill; the 2004 deep 
cores came up only with triple teamwor 
‘One vessel drilled while two others broke up 
approaching floes, And an icebreaker has 
never penetrated the region north of Green- 
land and Ellesmere, where Jackson and 
Dahl-Jensen are working. This summer, as 
part of IPY, a European group chaired by 
Jakobsson hopes to get there in the Oden to 
do geophysical, geological and pateoctimate 
‘work; the Swedish government is negotiating 
to rent a nuclear Russian breaker to make 
sure the diesel-powered Oden does not get 
trapped. Even so, says Jakobsson, there is no 
guarantee they will make it in, 

The treachery of the ice became clear last 
August, when the /Tealy stopped 800 kilome- 
ters northwest of Barrow and two US. Coa 
Guard officers descended through a erack in 
the ive on a practice dive, After they failed to 
surface, comrades hauled them up on a line 
from an estimated depth of 60 meters. They 
‘were dead. The Coast Guard is 
‘what went wrong—still a mystery. Pending 
reviews of safety protocols, the Healy's 
remaining 2006 cruises were canceled, 

Some say simpler is better. Since 200 
groups from Columbia University, the Uni- 
versity of Hawaii, and other institutions have 
been developing seismic-sounding buoys to 
be set adrift in the ice, where they can take 
advantage of vigorous, predictable currents to 
sweep large areas without a need for icebreak- 
ets. Plans to deploy a lange number for IPY 
have slipped, but a few should be put in next 
year, and pethaps 100 by 2009, says Yngve 
Kristoffersen, a marine geoscientis 
University of Bergen in Norw 
them out. he is pushing for a new mode of 
transport: hovercraft. 

The cause has been taken up by John 
K. Hall, an American marine geophysi 
‘who recently retired from the Geological Sur- 
vey of Israel, Hall became a convert after a 
2005 trip through the central Arctic on the 
Healy. during which, he says, ice-topography 
‘measurements showed that 85% of the voyage 
could have been made by hovererafi, ata tiny 
fraction of the cost. He has committed money 
inherited from his grandparents—the makers 
of Chiclets gum—to buy a small, well-heated 
vessel that will float up to 73 centimeters off 
the ice. Hall plans to test the vehicle around 
the Norwegian island of Svalbard next year. 
He does not wish to fly the flag of any nati 
He jokes: “Well, maybe just a black one, wi 
skull and erossbones.” 


KEVIN KRAJICK 
Kevin Krajick sa writer in New York City. 
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REVIEW 


Recent Sea-Level Contributions of the 
Antarctic and Greenland Ice Sheets 


‘Andrew Shepherd? and Duncan Wingham?* 


After a century of polar exploration, the past decade of satellite measurements has painted an 
altogether new picture of how Earth’s ice sheets are changing. As global temperatures have risen, 


50 have rates of snowfall, ice m 


9, and glacier flow. Although the balance between these 


‘opposing processes has varied considerably on a regional scale, data show that Antarctica and 


Greenland are each l 
125 gigatons per year of 


ng mass overall. Our best estimate of their combined imbalance is about 
enough to raise sea level by 0.35 millimeters per year. This is only 2 


modest contribution to the present rate of sea-level rise of 3.0 millimeters per year. However, much 
Of the loss from Antarctica and Greenland is the result of the flow of ice to the ocean from ice 
streams and glaciers, which has accelerated over the past decade. In both continents, there are 
suspected triggers for the accelerated ice discharge—surface and ocean warming, respectively— 
and, over the course of the 21st century, these processes could rapidly counteract the snowfall 
‘gains predicted by present coupled climate models. 


‘arctica ara! Greenland hold enough ie 
totais global sea levels by sone 70 m (/) 
md, acconing w the geological record 
uth’s former ive shoots have 
eases of up 40 20min less than S00 
years. Suc a rise, were it to occur toy, woul 
have memendous societal implications (3). Even a 
much more gradual rise would have great impact. 
Accordingly, one goal of ghiciological survey [e.g 
(4, 5)] is to determine the contemporary sea-level 
contribution due to Antarctica and Greenland, For 
much of the 20th century, however, the size of 
these ie sheets hindered attempts to constrain their 
mass trends, because estimating whole-ice sheet 
mass change coukl be done only by combining 
sparse local surveys, with consequent uncertainty. 
Forexample, a 1992 review (6) conclude thatthe 
available glaciological measurements allowed 
Antarctica to be anything trem a 600 Git year* 
sink 1 4 300 Git year source of ocean ms [500 Gt 
‘of ice equals 1.4 mm equivalent sea level (ESL)}. 
‘accounting for nearly all ofthe 20th-century sea 
fevel tend of 1.8 mm year (/) of, in the other 
dlirection, leaving a mass shor fl oF some 1000 Git 


‘Climate Change (IPCC) report (/) preferred mod 
cls 10 observations in estimating Antarctic and 
Greenland sea-level contributions. 

However, in the past decade, our knowledge 
‘of the contemporary mass imbalances of Antar 
tica and Greenland has been transformed by the 
launch ofa series of satellite-based sensors. Sine 
1998, there have been at least 14 satellte-baseut 
estimates (7-20) of the mass imbalance of Earth’s 


‘centre for Polar Observation and Modeling, Schock of 
Geosciences, Univers of Edinburgh, EHB 94, UK. Cente 
{or Polar Observation and Modeling, Deparment of Earth 
Sciences, University Callege London. WCIE 681, UK. 
“To whom comepodece shad be adres, Ema ren, 
Shepherd@ed ack AS); di@epomuxiacik DY 
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‘SA (mm ESL yr") 


ts Fig. 1. Fluctuations in (A) the rate of snow accumulation (SA) 
year Even the 2001 Intemzovemmental Panclon of Antarctica {redrawn from (38)] and (B) the net surface mass 
I balance (SMB) of Greenland [drawn from the data of @2)], 
determined from model reanalyses of meteorological observa- 
tions expressed as ESL rise. Also shown are the ranges of 
published mean accumulation rates determined from glacio- 
logical observations (yellow) and climate models (blue), 


ice sheets (Table 1). At face value their range of 
some 366 to $3 Gt year! of 10 to -0.15 mm. 


year ' sea-level rise oquivalent, explains much of 


the eustatic component of 20th-century sea-level 
rise | 1Smm year * in (2/)], but we argue that the 
‘contribution is smaller and the problem of closing 
the 20ih-century seaevel buxiget remains. Equally, 
the new observations provide a picture of eonsid- 
erable regional variability and, in particular, the 
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Jong-prodicted {ex (/)] snowfalldriven growth 
few. (/0, 22)] is being offset by lange mass losses 
fiom particular ice stream and ylacier lows fe, 
(/2, 23), There is, monwover, evidence in Green- 
land and Antarctica of recent accelerations in these 
Blows ( tis apparent that the late 20th- 
and carly 21stecentury ice sheets at east are dom- 
inated by regional behaviors that ane not captured 
in the models on which IPCC predictions have 
depended, and there is renewed speculation 
26, 27) of accelerated sea-level rise fiom the ice 
sheets under constant rate of climate warming, 
Atthough the observations in Table 1 have n= 
rowed the uncertainty in estimates of the custaic 
contribution to sca level, the range of values is 
‘notably wider than their stated uncertainties. Ac- 
condingly, we give consideration to the imitations 
‘of the three methods — accounting the mass budget 
Jee. (9). altimetry measurement of ice-sheet vol- 
‘ume change fe, (7)}and observing the ice sheets? 
changing gravitational atraction [ex ()} used 
to calculate the estimates in Table 1. In light of 
these limitations, we discuss the recent 
shanges in the Antarctic and Green 
land ice shcets (AIS anal GS), and we 
conclude with some remarks on the 
future evolution of the ice shevts, 


‘Methods and Their Sensitivity to 
‘Accumulation Rate 

The mass-budget method few. 
(9, 12)) compares the mass gain due 
to snowfall 0 ras ons ve 0 sub 
mation, melwater runafl, and ive 
that flows into the ocean. It has been 
sziven new impetus by the capability 
of interferometric synthetic aperture 
radar (InSAR) to determine ice sur- 
face velocity. This has improved 
caer estimates ofthe ice Mus to the 
‘ean (5) and provides a capability 10 
identify aocekrations of ie flo 
method is hampered by a lack of ac- 
curate accumulation and ice thickness 
dat, For Antarctica, where surfice 
mching is negligible, accumulation 
‘may be determined by spatially aver- 
aging the history of accumulation 
seconded in fee cores, oF fom mete- 
«rological forecast models. Estimates 
of the temparally averaged accumu 
lation or “mean” accumulation rane, 
respectively from 1752 to 1924 Gt 
year! (/) and fiom 1475 to 2331 Gt 
year’ (28), The meteorological data are acknowl 
‘alge to be of inferior accuracy (28), ana their wide 
range can perhaps be discounted, The range of the 
core-hased estimates, Which use substantially the 
same core records, arises fom differences in their 
spatial interpolation. Reaent compilations. have 
sed the clit observed microwave temperature 
‘which is cometated with accumulation, to guide the 
interpolation, and a careful study (29) placed the 
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‘er of individual drainage-basin accumulation at 
5. The extent to which this enor may average out 
‘over the entre sheet is not known: The microwave 
imerpolation field [see (29)] depends on factors 
other than accumulation (e.g, temperature) that 
may bias the outcome. There is also the difficulty 
that, athough accumulation is averaged over doe 
aides oF centuries, the icc measurements ane 
limited to those of the satellite measurements [19S 
to 2060 in (9). This complicates comparison of the 
estimated mass imbalance with akimetry estimates 
whose interval [ee 1992 to 2008 in (4) fs pro 
cisely defined. To date, S8% of Antarctica has bon 
‘surveyed, although the method may in principle be 
‘extended to the remainder, Some 70% of Greenland 
has also been surveyed, but the impact of the sat- 
ations in detcmining the time-averaged 

nbalance is lessened because runoff lane 
terminated ive, which in Greenland accounts for 
some 60% of the mass loss, remains largely un- 
measured, The range of estimates of net aceu- 
mulation and runoff (169 w 283 Gt year" in (I), 
about 20% of the total accumulation] has com- 
plicated! mass imbalance estimates for some time 
[eg (30, 3D] and will continue to do 0, 

Stellte an airraf, radar, and laser altimetry 
provide dtd pattem of changin the ice sects? 
imotior (7, 10, 14, 17, 18) ant ave played key 
role in distinguishing changes related to decumut- 
lation an! ice dynamics. The longest records 10 
date span 1992 to 2003 (0, /4), and imbalances 
‘estimated from then diler from longer averages 
estimated by other methods as result of feta 
tions in accumulation and ablation, fee cones (see 
(7)] ane! model reanalyses (28, 32) show Muctua- 
tions in accumulation, relative to their temporal 
‘means, of the order of 18% in individual years, 
anda similar Variability in rates of ablation (32, 33) 


Table 1, Mass balance (MB) of the East Antarctic 


(WAIS), Antarctic (AIS), and Greenland (GIS) ice sheets as determined by a 


(Fig. 1). The problem is exacerbated because the 
density of snow diflers from that of ce by a factor 
of three, and decadal lucuations in snow fll mass 
are exaggcratad in th observed volume fluctuations 
‘over those de to toe dynamics in the same ratio. A 
conection is possible if the snowfall uctuation és 
independently known, but the only estimates avail 
able today are from meteorological forecast mode, 
and a recent study (/4) of Antarctica concged that 
there was too litle comespondence betwen the alk 
‘meter and meteorological data sets for this meth- 
4 to be reliable, Differences between estimates of 
imax change made from the same observations of 
Volume change (/0, 14, 18) arise largely through 
different approaches to the conversion of volume 19 
mass To give an idca of the uncertainty, Wingham 
cet al. (14) showed thst, inthe absence of ether data, 
an alimoter estimate covering 73% ofthe Antarctic 
interior could vary by 90 Gt year" without con- 
tradicting the observed volume change. ERS-1 and 
-2 maar altimetry (for which the longest records are 
available) has been limited to latitudes between 
S1S°N and 815°S and to terain of ow slope, Bo- 
ceause these regions lhe in the ice sheets intro, 
Which is characteriza by growth in Greenland in 
‘general and in Antarctica in some places, there a 
tendency for these entimates to be more pexitive 
(Table 1), These ificulties may be overcome with 
the satelite lnser altimeter rooonds initiated by 
ICESat (loc, Cloud, and land Ekevation Satellite) 
in 2003 ce, in the future, with the high-escluton 
radar altimeter of CryoSat2 

‘Athough differences in the time-averaged im 
‘oalances from the interferometric and. altimetry 
methods are to be expoctal, the methods are highly 
complementary. For example, the retreat of the 
West Antarctic Pine Island Glacier grounding line 
‘observed by InSAR (34) isin close agreement with 


(EAIS), West Antarctic 


the drawdown of the inland ioe observed with sat 
llte altimetry (23). More recently, combination 
of the two methods has provided considerable in- 
sight into the unstable hydraulic connection be- 
tween subglacial lakes in East Antarctica (35), 
The GRACE (Gravity Recovery and Climate 
Experiment) satellites have permitted the changing 
snwvitational attraction of the ice sheets 10 be 
timated (11, 13, 15, 16,19, 20). These estimates 
(Table 1) are more negative than those provided 
bby mass budget or altimetry, but care is needed in 
making comparisons, The method is new, and a 
consensus about the measurement errors hs yet 
cmmerge [e.g (30), the correction for postglacial 
bound is uncertain fe, (37)), contamination 
can and atmoyphere mass charges is pos- 
sible fe, (/6)}, and the results depend on the 
method used 10 reduce the data foompare, ©. 
20) and (16)}. The GRACE record is also short 
G years) and, as was the ease with early altimeter 
time series [eg., (7)} is particularly sensitive to 
the lactuations in accumulation deseribed above. 
For example, whereas (73) puts the total 2002 to 
2005 Antaretic lee Sheet mass loss at 417 
219 Gt, a subsequent meteorological sly (38) 
nas put the 2002 0 2008 sen deficit at 309 Gi, 
Value that explains mast of the observed change. 


East Antarctica 
Although the East Antarctic Fee Shect (EAIS) is 
the largest reservoir of ive on Eat it exhibits the 
ssnallest range of variability among recent mass 
balance estimates (Table 1) Since 1992, atimettic 
(7.10, 14, 17, 18), interferometric (9), ana grav= 
inwitic (/3, 9) surveys have put the EAIS annual 
‘mass trend in the range 11067 Gt year", Growth 
of the EAIS mitigates the current sea-level ti 

Gains are limited to Dronning, Maud Lang an 


sheets, and the surveys were conducted over different periods within the 
time frame 1992 to 2006. For comparison, 360 Gt of ice is equivalent to 


range of techniques and studies. Not al studies surveyed all of the ke 1 mm of eustatic sea-level rise. 
Stud ‘Survey ‘Survey area EAIS MB ‘WAIS MB GIs MB 
i period 20 km? (%) Gt year Gt year Gt year* 

Wingham et at. (7)* 1992-1996 7.6 (54) 1253 59250 

Krabill et al. (8)* 1993-1999 1.722) 7 

Rignot and Thomas (9) 1995-2000 7.2660) 22223 48214 

Davis and bi (17)" 1992-2002 8.5 (60) 

Davis et al. (10)* 1992-2003 7.1(50) 4527 

Velicogna and Wahr (11)¢ 2002-2004 1.702) 5 +21 

‘Zwally et al. (18)* 1992-2002 11107) 211 A724 31212 1+3 
1996 83+ 28 

Rignot and Kanagaratnam (12)¢ 2000 129) 127 + 28 
2005 205 + 38 

Velicogna and Wahr (20)¢ 2002-2005 12.4 (88) 0251 136219 (139 + 73 

Ramilien etal. U9) 2002-2005 142 (100) 67228 107 = 23 129 215 169 + 66 

Wingham et al. (14)* 1992-2003 8.5 (60) 27229 

Velicogna and Wahr (13)¢ 2002-2006 172) 227 + 33 

Chen et al, (15)¢ 2002-2005 1.742) 219+ 21 

Lutheke et al. (16)¢ 2003-2005 1702) 101 + 16 

Range 167 1360-47 -139t042 227 11 

= Rime FR a dee 
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Wilkes Land, and their spatial distribution (Fig. 2) 
is strongly suggestive of snowiall-riven growth, 
‘Two gheiers in Exst Antarctica are losing mass 
(Fig. 2B). From 1992 to 2008, the fis-llowing 
trunks of the Totten and Cook glaciers deflated by 
5.0 © 0.5 and 24 = 0.2 kn year '. Although these 
figures are only in rough coincidence with those 
determined from interferometry [0 = 2and -8 = 
5 km? year", respectively, in (1), the signals are 
‘lear and the trends definitely established, 


West Antarctica and the 
Antarctic Peninsula 
‘The West Antarctic fee Sheet (WAIS) contains 
‘enough ice 4 raise global se levels by more than 
S mand, acconfing to altimetry and interferometry. 
fone key sector is in a state oF rapid 
retreat (23,3). Glacons draining into 
the Amundsen Sea (Fig. 2A) are los 
ing mass because of an ice-ynamic 
perturbation. During the 1990s, for 
‘example, the Pine Island Glacier 
treated by up to 1.2 km year" (34), 
thinned by up to 1.6m year! (23), 
and accelerated by around 10% 
(39) the ice loss has boon implicated 
in the fieshening of the Ross Sca 
some 1000 km away (40), Through- 
‘out the 1990s, independent altimeter 
(7.14.17, 18) and interferometer (9) 
surveys of the WAIS asa whole were 
in notable, possibly fortuitous, agree 
iment abe 1), pling its anaal 
losses in the range 47 to $9 Gear! 
The mas balance of the WAIS has 
been dominated by the Hoses fiom 
itocies ofthe Amundsen sector ean 
cold 10 degree by some snow 
deiven cowstal growth and growth 
arising from the Well¢stabsha shut 
down of the Kamb foe Stream (47) 
There has been a report ofan ae 
cclerated recent sea-level contribution 
(42) based on satellite a arraft ale 
timetry, and the gravimetric surveys 
havealso estimated arate of mas loss 
since 2002 of between 107 and 136 
year! accelera- 
tion (an inerease in seatevel trend of 
0.2 mm year", oF about 10%) would 
be a cause for considerable concem, 
However, the altimeter data from 
Which accelerated mass losses were 
derived in (42) span fess than 5% of 
the WAIS area and use three almicters 
Wi markedly diffrent measurement 
cemons. Furthermore, both data sets 
pan a. short time interval in hich 
forecast models inate that a 3094Gt 
accumulation deficit occured (38). 
‘Taking these ictors into account, itis 
that the WAIS mass Toss has 
ahered substantially since the 1950s, 
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During the past decade, there have been 
notable gliciological changes at the Antarctic 
Peninsula (AP): The Larsen Ice Shelf thinned 
(43) and sections collapsed (44), accelerating 
discharge into the oceans by some 0.07 mm year 
ESL rise (45). However, the majority of AP i 
forms the continental ice cap of Dyer Plateau 
This exhibits snowfallsriven growth (Fig. 2A) 
that is sufficient to cancel the accelerated flow 
fiom the Larsen-A and -B catchments, The AP 
contribution to sea level is negligible, 


Greenland 
Since the most recent IPCC report, there have 
‘been seven estimates of Greenland mass im- 
‘balance based on satelite ahimetry (18), imerfer- 


Fig. 2. (A) Rate of elevation change of the Antarctic Ke Sheet, 
11992 to 2003, from ERS satelite radar altimetry redrawn from 
(24). Also shown (inset) isthe bedrock geometry, highlighting 
floating (tight gray), marine-based (mid-gray) and continental- 
based (black) sectors. (B) Elevation change of the trunks (flow 
in excess of 50 m year™) of the Pine island [Basin GH in (A)], 
Thuaites (Basin GH, Totten (Basin C’D), and Cook (Basin DD’) 
slaciers. All the deflating glaciers coincide with marine-based 
sectors ofthe ice sheet. An ice-dynamic origin of the thinning 
of the East Antarctic glaciers has yet to be confirmed by 
interferometry. However, the correlation of the thinning with 
flow velocity and the fact that the thinning rate is secular make 
ice dynamics the likely cause ofall Antarctic mass losses. 
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‘ometry (72), and gravimetry (1, 15, 16, 19, 20). 
Ther is consensus that during the 1990s the in- 
tenor underwent modest snow fall-driven owt 
which appears to be associated with a precip 
‘ton trend present in the meteorological pei) 
(32), offset by losses from lower altitude regions 
(Fig. 3, A and B), The decadal imbalance is not 
accurately determined. The more positive satel 
lite altimeter estimate (18) i affote by signal kes 
in the stocper coastal margins; the aircraft laser 
measurements (§) are relatively sparse, although 
more sensitive to losses from manginal glaciers 
and the mass-budget estimate (/2) is undermined 
bby the uncertainty of some 50 Gt year” in the 
accumulation. Nonetheless, the consensus of 
these measurements suggests a net Joss in the 
1990s of some $0 Gt year * 

Satellite interferometry (/2, 24) has 
tablished that from 1996 to 2005, mass losses 
through flow increased by 102 Gt year, and 
meteorological estimates (32) (Fig. 1B) of the 
surface-mass imbalance decreased some 20 Gt 
year" in the same period because of increased 
‘malting. Gravimetric surveys 100 support an in- 
creased mass loss (//, 15, 16, 19, 20). However, 
the interferometric and gravimetric records are 
short and refloet the considerable variability in 
the mass flux of tidewater glaciers and the surface 
‘mass balance. For example, the ive fluxes of Wo 
glaciers that by 2005 were responsible for 43 Gt 
year" of the inereased discharge had by late 
2006 declined 10 within 10 Git year” of their level 
in 2000 (46), whereas in the past 14 years, the 
3-year variobility in surface mass imbakunee has 
ranged from 130 1 120 Git year (Fig. 1B). In 
xkltion, not all gravimetric estimates capture the 
‘known spatial distribution of change; one that does 
(16) (Fig. 3B) is some 120 Gt year * more positive 
than other estimates, and some understanding of 
the cause of these discrepancies is needed, Ine 
creased mass loss from Greenland has occurred, 
‘bust the decadal change is probably modest. 


Implications for the Future 


It is reasonable to conclude that, today, the EAIS 
is gaining some 25 Gt year, the WAIS is losing 


about $0 Gt year", and the GIS is losing 
100 Git year". These trends provide a 
contribution of about 0.35 mm year! a modest 
component ofthe present rte of sea-level rise of 
30 mum year, Because $0 Gt year” is a very 
recent contribution, the ioe sheets made Title con- 
tribution to 20th-century sea-level rise, However, 
what has also emerged is that the losses are dom- 
inated by toe dynamics. Whereas past assessments 
(47)considered the balance between accumulation 
and ablation, the satelite observations reveal that 
elacier accelerations of 20 to 100% have occurred 
‘er the past decade. The key question today is 
‘whether these accelerations may be sustained, or 
even increase, inthe future. 

The question is difficult because the causes of 
the instabilities have yet to be established. The woo- 
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Joggical record (4) suzwests that some 
10,000 years ago, the Amundsen 
sector of the WAIS extended only 
100 kon farther than today, confining, 
the present rate of retreat to more 
recent times, and the drawdown of 
the Amundsen sector ice streams 
hasbeen linked (#9) to-a recent tigger 
inthe ocean. A comparable argument 
may be extended to the thinning sa 
‘cir in East Antarctica and! Greenland, 
Which are abo marine terminated. 
Eaqually, there is no direct evidence 
‘of a warming of the Amundsen Sea, 
anal it has Fong been held possible that 
the marine-erminated WAIS, and the 
‘Amundsen sector in paticular, may 
be geometrically unstable (50), and 
the rating East Antarctica streams 
havea similar geometry (Fig. 2A), tn 
Greenland, where summer meting i 
\widesprend and increasing, Global Po- 
sitioning System messurements have 
shown the meng to alfeet ow ve= 
locity in the tee sheet interior (26), in 
twoducing the possibility that increased 

ater is reaching. the 
clerating the ice flow to 


the ocean, 


‘The discovery that particular ice 
streams and glaciers are dominating 
ice sheet mass losses means that 
today our ability to predict farure 
‘changes is Himited. Present numerical 


models capture neither the details of ms 
actual ice steams nor, in Greenland, pal 

those of hydraulic connections. be- 

tween the surfice and the bed In Sn aako) micas toad Da 


addition, the detailed mechanics at 
the grounding fine still remain to be 
fully worka out. In consequence, 
the view that the changing sea-level 
contribution of the Antarctic and 
Greenland ive sheets in the 21st cen- 
tury will be both small and negative 
as a result of accumulating snow in 
Antarctica fee, -0.08 mm year" in 
()] is now uncertain. 

Because our predictive ability is 
limited, continued observation is 
‘essential, The satellite record clearly 
identifies the particular ice streams 
and glaciers whose evolution is of greatest 
‘concem, The causes of their instability need 10 
be identified. Their detailed basal topography, 
their basal hydrology. and the details of the in- 
teraction with their surounding shelf scas noe 
to be established. Numerical models that cap- 
ture the detailed dynamics of these glaciers and 
their hydrology are required. OF equal impor 
tance are meteorological and ioc core measur 
ments that will increase confidence in forecast 
models of accumulation and ablation fluctuations, 


‘Year 


Fig. 3. (A) Rate of elevation change of the Greenland ke Sheet, 
1992 to 2003, determined from satelite radar altimetry [from 
(22)], and (B) time series of elevation change of individual 
sectors, 2003 to 2005, determined from satelite gravimetry 
{from (16)]. Also shown (inset) is the ice surface geometry, 
hightighting areas above (gray) and below (black) 2000 m 
elevation. Both instruments concur that high elevation areas are 
growing and low elevation areas are losing mass. According to 
gravimetry (16) and repeat InSAR measurements of ice dis: 
charge (12), the rate of mass loss at low elevations has increased 
cover the past decade (see Table 1). 


because 10 a considerable extent these limit 
interpretations ofthe shor satellite records. There 
a great deal that the Intemational Polar Year 
may achieve, 
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REVIEW 


Perspectives on the Arctic’s 
Shrinking Sea-Ice Cover 


‘Mark C, Serreze,** Marika M. Holland,” Julienne Stroeve? 


Linear trends in arctic sea-ice extent over the period 1979 to 2006 are negative in every month, This ice 
loss is best viewed as a combination of strong natural variability in the coupled ice-ocean-atmosphere 
system and a growing radiative forcing associated with rising concentrations of atmospheric greenhouse 
gases, the latter supported by evidence of qualitative consistency between observed trends and those 
simulated by climate models over the same period. Although the large scatter between individual model 
simulations leads to much uncertainty as to when a seasonally ice-free Arctic Ocean might be realized, this 
transition to a new arctic state may be rapid once the ice thins to a more vulnerable state. Loss of the ice 
cover is expected to affect the Arctic’s freshwater system and surface energy budget and could be 
manifested in middle latitudes as altered pattems of atmospheric circulation and precipitation, 


ne ment defining feature of the Aretic Ovean 
| is its Mowting sea-ice cover, which has 
traditionally and froma maximum extent 

of about 16 = 10° km? in March to a mininuen 
extent of 7 © 10° km? at the end of 
the summer melt season in Sep 
tember (Fig. 1). Consistent satelite 


the September 2008 ice extent was the lowest in 
feast the past $0 years. Data for the past few 
yous suggest 1g decline in winter 


ice extent (4), 


Sibocia 
derived monthly time series of 

sea-ice extent are provided by the ee 
Nimbus-7 Scanning Multichannel ’ 


Microwave Radiometer (October 
1978 to August 1987) and the 
cfense Meteorological Satelite 
Special Sensor Microwva 
Imager (1987 to present), Based on 
regression analysis of the com! 
record over the period 1979 10 2006, 
fice extent has declined for every 
month (Fig, 2), most rapidly foe 
September, for which the trend is 
8.6 = 29% per decade or about 
100.000 km? per year, oe extent is 
defined as the area of the ocean with 
a fictional ice cover (ie, an ive 
concentration) of atleast 15% (1-3). 
Every year since 2001 has 
ed pronounced September 
‘minima, the most extreme of which 
was in 2005 (5.56 = 10" kn), When 
compared to the mean ice extent 
over the period 1979 to 2000, this 
represents a spatial reduction of 
21% (1.6 © 10° km?), an ar 
of Alaska (Fig. 
records, which combin 


Evidence for accomps 
thickness (5) is inconchusi 
and sub 
fon ice draft 


reductions in i 
Upward-looking 
nes provides information 
the component of the total thick- 
ness (about 9%) that projects below the water 
cooperative institute for Research in Environmental surface. Comparisons between 
Sciences, National Snow and Ice Data Center, Campus (1958 4p 197%) and thase for 1993 wo 1997 
Box 449, Unversity of Colerado, Boulder, CO 80309- “ 

0849, USA "Notional Center Tor Atmospenc Reseach, duction of 1.3 m in mean late summer ice draft 
est Otfce Box 3000, Boulder, CO 80307, USA ‘over much of the central Arctic Ocean (6), but 
*To whom corespondence should be addressed. Emai: Parse Sampling complicates interpretation. Fu 
serree@tyoscolradoedu ther analysis of the submarine-acquired data in 


gery and aire 
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Fig. 1. Sea-ice extent (bright white area) for September 2005. Median ice 
extents based on the period 1979 to 2000 for September (red line) and 
‘March (blue line) illustrate the typical seasonal range. Geographic features 1 
referred to in the text are labeled. Credit: NSIDC image in Google Earth, 
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conjunction with model simulations points 10 
thinning through 1996 but modest recovery 
thereafier (7), Results from aacking al 
gorithm applied to satellite data from 1978 to 
2003 document decreas of old, thick 
ice (8), 


n ice- 


Understanding the Observed Ice Loss 
The observed decline in ice extent reflects a 
flation of thermodynamic and dynamic processes. 
Thermodynamic processes involve chang 
surface air temperature (SAT), radiative fluxes, 
‘and occan conditions. Dynamic processes involve 
changes in ice circulation in response to winds 
ax! acean currents, These include changes in the 
strength and location of the Beaufort Gyre (a 
mean annual clockwise motion in the westem 
Arctic Occan) and characteristics of the Tra 
polar Drift Stream (a motion of ice that prog 
fiom the coast of Siberia, across the pole, and into 
the Nonth Atlantic via the Fram Strai), Nearly all 
Of the ice export from the Arctic to the Atlantic 
occurs through this narrow strait between 
porthem Greenland and Svalbard (Fig. 1), 
Estimated rates of SAT change 
‘over the Aretic Ocean for the pst 
several decades vary depending on 
the time period and season, as well 
as the data source being consid 


ered Akhough natural variability 
playsa large role in SAT ms, 
the overall pattem is one of recent 


warning, which isin turn part of 
obul signal (9), Using a record that 
mbined coastal station obser 
‘ations with data from difting buoys, 
(irom 1979 onward) and. Russian 
“North Pole” stations (1950 to 
1991), Rigor et al. (0) found 
positive SAT trends fiom 1979 10 
1997 that were most pronounced 
and widespread during spring. AL 
though there are biases in the buoy 
data relative to the North Pote data, 
especially for October through 
April (/7), independent evidence 
for waning during spring, sun 
mer, and autumn since 1981 is 
documented in clear-sky surface 
nperatures retrieved from ad 
-resolution 
ery (12). 
Further support for warming comes from 
of satellite-Jerived passive microwave brightness 
temperatures that indicate earlier onset of spring 
melt and lengthening of the melt season (13), as 
well as from data from the Television Infrared 
Ohservation Satellites Operational Vi 
der that point to inereased downwellin 
to the surface in spring over the past decade, 
Which is linked to increased cloud cover and 
water vapor (4). Our assessments of autumn and 
winter data fields fiom the National Centers for 
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Environmental Prediction and National Center for 
“Atmospheric Research (NCEP-NCAR) reanalysis 
(5) point to trong surfice and low-level warm 
ing for the period 200010 2006 reative to 1979 to 
1999, Weaker warning is evident for summer, 
Allof these results are consistent with a declin- 
ing ice cover. However, at kast part of the recent 
ccold-season warming seen in the NCEP-NCAR 
data is itself driven by the loss of ice, because this 
Joss allo for stronger eat hoses from the ocean to 
the aimosphere, The wanner atmegphere will hen 
promote a stronger longwave fus to the surfice. 
Links have also been established between ice 
Joss an changes in ie circulation associated with 
the behavior of the North Atlantic Oscillation 
(NAO), Northem Annular Mode (NAM), and other 
atmospheric pattems, The NAO refers to covari- 
ability betwoen the strength of the Ieclandie Low 
and that of the Azores High, which are the two 
‘centers of action in the North Athantic atmospheric 
circulation, When both are strong (or weak), the 
NAO isin its powitive (or negative) plats. The 
NAM refers to an oscillation of atmospheric mass 
between the Arctic an! middle faitudes and is 
Positive when arctic pressures are low andl id= 
Fetus pressures are high. The NAO and NAM ae 


closely reated and can be largely Viewed as ex 
pressions of the same phenomenon. 

From about 1970 through the mid-19%0s, 
winter indices of the NAO-NAM shiffed ffom 
negative 1 strongly positive. Rigor a al. (/6) 
showed! that aktered surfice winds resulted in a 
more cyclonic motion of ice and an enhanced 
transport of ce away from the Sibesianand Alaskan 
coast (ic. a more pronounced Transpolar Drift 
Surcam). This change in circulation fostered open- 
ings in the ice cover, Although these openings 
quickly refioze in response to low winter SATS, 
‘coastal areas in spring were nevertheless left with an 
anoxnalous coverage of young, thin ice. Tis thin ive 
then meliod out in summer, which was expressed as 
lye reductions in ioe extent. Summer ie loss wats 
further enhanced as the thinner ice promoted 
stronger feat fluxes to the atmosphere, fostering 
higher spring air temperatures and carer meltonset 

Given that the NAO-NAM has regressed back 
10 a more neutral state since the late 1990s (17), 
these processes cannot readily explain the extreme 
Seember sea-ice minima of recent years. Rigor 
and Wallace (/8) argued that recent extremes 
represent delayed impacts of the very strongly 
positive winter NAO-NAM state from about 1989 


0 1995, As the NAO-NAM rose to this postive 
‘Sate, shifts in the wind field not only promoted the 
‘production of thinner spring ice in coastal areas but 
Mushed much ofthe Aetic’s store of tick ice into 
the North Atlantic though Fram Stat, 

Rothwock and Zhang (14) modified this view. 
Using a coupled ice-ocean model, they angued 
that although wind foreing was the dominant 
driver of declining ice thickness and volume 
fiom the late 1980s through mid-1990s, the 
response to generally rising air temperatures Was 
more steadily downward over the study period 
(1948 to 1999), In other wonls, without the 
NAO-NAM forcing, there would stil have been 
a downward trend in ice extent, albeit smaller 
than that observed, Lindsay and Zhang (20) came 
to similar conclusions in their modeling study. 
Rising air temperature its reduced ice thickness, 
but changes in circulation also Mushed some of 
the thicker ice out of the Arctic, leading to more 
‘open water in summer and stronger absorption of | 
solar radiation in the upper (shallower depths of 
the) ocean, With more heat in the ocean, thinner 
ice grows in autumn and winter 

Recent years have experienced) pattems of 
atmespheric circulation in spring and summer fa- 
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parentheses) the 95% confidence interval of the slope. Ice extent is also 


‘squares linear fit based on satellite-derived passive microwave data from decining for the six months that are not shown, ranging from 2.8 + 0.8% 


November 1979 through November 2006. Listed trends include (in 


per decade in February to ~7.2 + 2.3% per decade in August. 
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voring ice loss. By altering both the Beaufort Gyre 
and Transpolar Drift Stam, these pattems have 
ed in the 


reduced how long ice is sequestered and, 
Arctic Ocean (2/). The stength of 
mospheric regime that sets up over the oentral 
Arctic Ocean in summer is important. Along with 
promoting ofiShore ice motion, the pronounced 
cyclonic summer circulations of 2002 and 2003 fa- 


eyelonic at- 


vored ice divergence, as is evident from the low ice 


concentrations in satellite imagery. lee divergence 
in summer spreads the existin 


ice over a fh 


but enhanced absorption of sokar ener in the 
ancas of open water promotes stronger melt. There 
was also very ltt: September ice in the Greenland 
Sea (ol the east coast of Greenland) for these 
summers, which may also be linked to winds asso 
ciated with this summer atmospheric pattem (22) 
To futher complicate the picture, it appears 
that eh 
role, Warm Atlantic waters enter the Arctic Oocan 
through castem Fram Strait and the Barents Sea 
and fom an intermediate layer as they subxhy 
below colder, fresher (less dense) arctic surface 
Waters. Hydrographic data show 
of Atlintic-detived waters in the early to mid 
1990s andl warming of this inflow (23). This trend 
has continued, characterized by pronounced pulses 


wes in ocean heat transport have played a 


of wann inflow, Strong ecean waning in the 
Eurasian basin in 2004 can be traced to a pulse 
centering the Barents Sea in 1997 and 1998, The 


‘most recent data show another warm anomaly 
poised to enter the Arctic Ocean (2%, 25), These 
lows may promote fee melt and discourage ice 
rowth along the Atlantic ike margin. Once At 
antic water cnters the Arctic Ooean, the cokd 
hualocline layer (CHL) separating the Adantic and 
surfice waters laygely insulates the fee from the 
heat of the Ath sta 
retreat of the CHL in the Eurasian basin in the 
1990 (26), This likely nen 


ic layer, Observations st 


March 2075-2084 


Joss and ice-occan heat exchange. Panial recovery 
‘of the CHL has been observed since 1998 (27) 
Maslowski ef al. (28) proposed a conncction 
between jee loss and accanic heat flux through the 
Bering Strait. However, hydrographic data ool 
Fectad between 1990 and 2004 document strong 
Variability in this inflow as opposed 10 a longer 
term tend, 
tween 2001 and 2004 is estimated 10 be capable of 
melting 640,000 kn? of I-mn-thick ive, but faves in 
2001 are the lowest of the recon (29). Subsequent 


An observed increase inthe flux be 


analysis (30) nevertheless reveal a fink between ice 
Joss and increases in Pacific Surface Water (PSW), 
temperature in the Artic Osean beginning in the 
late 1990, concurrent with the onset of sharp 
jee rouctions in the Chukchi and Beaufort se 
The hypothesis that has emerged from those obser 
vations is that delayed winter ice fon 
for more efficient coupling between the oocan and 
wind forcing. This redirects PSW from the shelf 
slope along Alaska into the Arctic Ocean, where it 
ent jowth. An 
imbalanoe between winter ice groxvth and summer 


ston allows 


melt results accelerating ioe loss over lange: 


To summarize, the observed sea-ice Joss can in 
part be connected to arctic warning over the past 
several decades. Although this warming és part 
ful signal suggesting a fink with greenhouse 
(GHG) foxting,atribution is complicated by a suite 
‘of coatributing amospheric and oceanic forciny 
Below we review the evidence fe an impact of 
GING loading on the observed trends and projections 
for the future, based on climate mode! simulations. 


Simulations from Climate Models 
Zhang aed Wik 
models used in the Inte 


(3) showed that most of the 
sovemmental Panel on 


Cli Assessment Report 
«IPCC ological sea-ice extent 
Within 20% of the observed climatology over their 


Sept 2075-2084 


Fig. 3. Spatial pattern of the percent of IPCC AR4 model simulations (SRES A1B scenario) with at least 
15% ice concentration for March (left) and September (right), averaged over the decade 2075 to 
2084. For example, a value of 60% at a given location means that 60% of simulations predicted sea ice. 
Results are based on 11 models with realistic 20th-century September sea-ice extent. 
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adopted base period 
simulation of the se 


of 1979 to 1999, with 


over this base period, and most 
individual models also show a downward trend, 
‘Our analysis of an IPCC ARS multimodel en. 
semble mean hindcast for the longer base period 
1979 to 2006 also reveals consistency with ob- 


regauing 
versus those in winter. These 
evidence that, despite prominent cor 
natural variability in the observed record, GHG 
loading has played a rok: 

Rates of ie boss both forthe past fow decades 
and those projected through the 21st century never 
theless vary widely betwoen individual modkls, 
‘Our analyses show that in the IPCC ARS mols 
riven with the Special Report on Emissions See 
narios (SRES) AIB er 
atmospheric CO> reaches 720 parts por milion by 
2100), a nearcompkte or complete Joss (10 kes 
than 1 > 10" kin?) of September ice will occur 
anywhere fiom 2040 10 well be 100, 
depending on the mode! and the particular run 

that moxlel, Overall, about half the models 
reach September ice-fiee conditions by 2100 (32), 
Figure 3 shows the spatial pattern of the percent 
cof models that predict at least 154% fraction 
ice cover for March and September, averag 
‘output over the period 2075-2084, Even by the 


ser tends in September 


esults provide strong 


butions of 


late 21st century, most models project a thin ice 
cover in March, By contrast, about 40% of the 
models project no ice in September over the 
central Aretic Ocean, 

The scatter among models reflects many fac 
tors, including the initial (ate-20h ceriury) sim. 
ulated ioe state, aspects of the modeled ocean 
circulation, simulated cloud conditions, and natural 
\ariability in the modeled system (cg. NAO- 
NAM like behavior). These tie in strongly to the 
strength and characteristics of the positive ee-albedo 
fealbock mechanism. In general, GHG loading 
results ina stronger and longer summer melt season 
thinning the ie andl exposing more of the dark (low 
lily 


albedo) ocean surfice th bsorbs solar 


Autumn ice growth is delayed, result 
in thinner spring ee, This thin ice is more apt to 
melt out during the next summer, exposing mo 

‘open water, which results in even thinner ice during 
the following spring. Ne 
the fact that thinner fee 


ive feadbacks, such as 
sons mone rapidly the 


thicker ice when exposed to the same forcing, can 
jract these changes but are generally weaker 

there is ample uncertainty regard 

onally ice-fnxe Arctic Ocean will be 


more interesting question is how it ar 
fives at that state. Simulations based on the Com 
munity Climate System Model version 3 (CCSM3) 
(33) indicate that end-of'summer ice extent is sen 
sitive 10 ice thickness in spring. If the ice thins to a 
more vulncrable state, a “kick 
rotural climate variability can result in rapid sum. 
mmr ce Joss because of the ice-albedo feedback. In 


associated with 
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transport acts as this tigger. Such abrupt tran- 
sitions are typically four times as fist as the ob- 
served tends over the satellite record. In one 
‘ensemble member, September ie extent dooeases 
out 6 * 10 to 2 » 10° km? in 10 years, 
resulting in near ice-fee September conditions by 
2040, A number of other climate models show 
similar rapid ice loss events. 


Impacts 

Lows of the sea-ice cover will have numerous im 
pacts, A sharply warmer Arctic in autumn and 
Winter is expected as a result of lager heat fluxes 
from the ocean fo the atmosphere. This is the pri- 
muy fingerprint of arctic amplification of green 
house warming (4), As ice retreats trom the 
winds have a longer fetch over open water, 
in more wave action. This effet is al 
ready resulting in coastal erosion in. Alaska and 
Siberia, Kee loss is also affecting traditional hunt- 
ing practices by members of indigenous cultures 
ana! contributing w regional declines in polar bear 
heath and abundance (35), 

Intheir modeling study, Magnusdottirer al. (36) 
foun that declining fee in the Atlantic sector pro 
motes a negative NAO-NAM atmospheric eireu- 
Jaton response, with a weaker, southand-shitiad 
ston track, Singarayer ef af (37) Forca the Hagley 
‘Conte Atmospheric Model with observed sex i 
fiom 1980 to 2000 and projected sea-ice rections 
Until 2100, tn one simulation, mitts storm 
tracks were intense, inercasing precipitation over 
western and southern Europe in winter. Experi 
iments by Sewall and Sloan (28) revealed impacts on 
‘extrpolar precipitation patems Keaing 49 reduced 
rainfall in the American West. Although results 
fiom different experiments with different designs 
Vary, the common thread is tht sea ice matters 

Climate models also indicate that by increasing, 
Uupperocean stability and suppressing deepwater 
firmation, North Atlantic freshening may disrupt 
the global thermohaline circulation, possibly with 
far-reaching consequences. Inerwased freshwater 
‘expodt from the Artic is a potential source of such 
fivshening. Observations implicate an artic source 
for feshening in the Nonth Atlantic since the 1960 
(39), Total eshwater output io the Nowth Atlantic is 
projected 19 increase through the 2Ist century, with 
decreases in ice export more than compensated 
by the liquid freshwater export. However, reduc- 
tions in ioe melt and associated fieshening in the 
‘Greenlandeteeland-Noewegian (GIN) seas resulting 
fiom a smaller ioe transport through Fram Strait 
may more directly affect the deqpwater formation 
regions and counteract increase ocvan stability due 
to the wanning climate (ie. a warmer upper ocean 
is more stable). This outcome could help maintain 
deepwater formation in the GIN seas (40). 


Conclusions 
Natural variability, such as that associated with the 
NAO-NAM and other circulation patterns, has and 


will continue to have strong impacts on the arctic 
searice cover. However, the observed ie lass for 
the Arctic Ocean as a whole, including the kinser 
‘end for September as compared to that of winter, 
is qualitatively reproduced in ensemble mean 
climate model hindcasts forced with the observed 
rise in GHG concentrations. This strongly suggests 
4 human influence (3/). However, there isa lange 
amount of scater between individual simulations, 
Which contributes to uncertainty regarding rates of 
ice loss through the 21¢ century. An emerging is- 
sue is how a seasonally ice-fee Arctic Ocean may 
bbe realized: Will it result from a gradual decline 
With strong imprints of natural variability, oe could 
the transition be rapid ance the ice thins to a more 
vulnerable stat’? Links between altered ocean heat 
transport and observed ice loss remain 10 be n> 
solved, as does the attnbution of these transport 
changes, but pulses such as those currently poised 
tw enter the Arctic Ocean fiom the Atlantic could 
provide a trigger for a rapid transition. 

In this regand, fiaure behavior of the CHL, 
\Wwhich insulates the sea ice from the warm Atlantic 
layer isa key wikl card. Another uncertainty isthe 
‘behavior of the NAO-NAM. Despite its retum to a 
more neutral phuise, there is evidence, altsit eon 
troversial that extemal forcing may favor the pose 
itive tate that promotes ice los. The mechanisms 
are varied but in part revolve around the idea that 
stratospheric cooling in reponse to increasing 
GIG concentrations, oF through ozone destruc 
tien, may “spin up” the polar stratospheric vortex, 
resulting in lower artic surface pressures. Ancther 
View is that the NAO-NAM could be bumped to a 
preferred positive state via warning of the topical 
‘oceans (42). However, as notal carter, declining 
sea ie in the Atlantic sector may invoke a negative 
NAONAM response (36). 

Given the agreement between models and ob- 
servations, a transition w a seasonally ice-ee 
Arctic Ocean as the system warms seems ine 
creasingly certain, The unresolved questions 
regard when this mew arctic state will be realized, 
how rapid the transition will be, and what will be 
‘the impacts ofthis new state on the Arctic and the 
rest of the globe. 
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REVIEW 


Arctic Air Pollution: Origins 


and Impacts 


Kathy S. Law* and Andreas Stohl? 


Notable warming trends have been observed in the Arctic. Although increased human-induced 
‘emissions of long-lived greenhouse gases are certainly the main driving factor, air pollutants, such 


{as aerosols and ozone, are also important. Air pollutants are transported to the Arc 


primarily 


from Eurasia, leading to high concentrations in winter and spring (Arctic haze). Local ship 


‘emissions and summertime boreal forest 


Fires may also be important pollution sources. Aerosols 


‘and ozone could be perturbing the radiative budget of the Arctic through processes specific to 
the region: Absorption of solar radiation by aerosols is enhanced by highly reflective snow 
‘and ice surfaces; deposition of light-absorting aerosols on snow or ice can decrease surface 


albedo; and tropospheric ozone forcing may also be contributing to warming i 


is region. Future 


increases in pollutant emissions locally or in mid-latitudes could further accelerate global 


warming in the Arctic, 


Ven though early Arctic explorers had 
iiss ie sa iy 
psits on the stiow (J), the remote Aretic 
‘atmosphere was long believed to be extremely 
clean, However, pilots flying over the North 
American Arctic in the 1950s observed wide- 
spread haze (2) that could be seen every winter 
and. carly spring. [took until the 1970s for 
scientists to realize thatthe haze was air pollution 
transported from the midlle latitudes (3). Artic 
haze continues to be an air quality prob 
the acidic compounds (mainly sulfate) associated 
with it can be wasted out with precipitation or 
deposited atthe surtce, leading to increased acid 
ity in natural ecoxystems (4). Long-range trans- 
port of pollution to the Arctic also carries toxic 


substances, sich as mercury oF persistent organic 
pollutants that can have adverse effects on eco- 
systems and human health, 


Over the past 20 years there has been much 
research on the climatic consequences of this 
pollution, which is also present in summer, albeit 
at lower concentrations. Climate change is pro- 
ccoeding fistest atthe high latitudes of the Arctic 
Surface air temperatures have ineteased more 
than the global average over the past few decades 
ind are predicted to warn by about $°C over a 
lange part of the Aretic by the end of the 2st 
century. the most rapid of any region on Earth 
(5). Models also predict that summer sea ice 
may completely disappear by 2040 (6). These 
changes are caused by global inereases in long 
lived greenhouse gases (GHGs), whose effects 
are enhanced in the Arctic through feedback 
mechanisms such as the » rede feed 
back. However, air pollution also affects Artic 
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climate, particularly through changes in surface 
radiative forcing 


Arctic haze is a mixture of sulfate and particulate 
‘organic matter and, to a lesser extent, ammoni- 
um, nitrate, black carbon (BC) 7), and dust aero- 
sols (8). [also contains relatively high levels of 
‘ozone precursors such as nitrogen 
oxides (NO,) and volatile onganic 
compounds (VOCS) (9), Acrosol 
haze particles are well aged, very 
efficient at scattering solar radiation, 
and alo weakly absorbing. The hart 
has a distinct seaonal cycle with 
maximum in tate winter and carly 
spring (3) when the removal pro- 
‘ees im the dry and stable Arctic at- 
mosphere are very ska. For example, 
Fig. 1 shows the seasonal eyele in BC 
measunal at Aket (@23°W, 2.5°N, 
210 m above sea fevel (ASL)] (10). 
Naar the surfice, the haze starts ds 
appesing in April, but layers at higher 
aitukes may persis into May. Trends 

trace constituents and aerosols are 
complex in the Arctic region. AF 
though sulfite, acrosol light scattering, 
and. absorption exhibit significant 
downant trends at most Arctic sta- 
tions (8) because of emission reduc 
tions in the haze’s source regions, 
nitrate concentrations have been in- 
ver the past two decades 4). 


Air Pollution Transport into the Arctic 
Practically all pollution in the high 
Arctic originates from more south 
erly latitudes. Local pollution sources 
are eumenily small and limited to near 
the Arctic Cirele. These include vol- 
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ccnic emissions in Alaska and Kamehtka an- 
thropogenic emissions fom conurbations. fike 
Murmansk: industrial emissions, most notably in 
the northern parts of Russia; and emissions from 
the oil industry and shipping (4), Surfaces of 
‘constant potential temperature (//}) form a dome 
above the cold Arctic lower troposphere, forcing 
airparcels traveling northward toaseend (/2, 13) 
This isolates the Arctic lower troposphere fiom 
the rest of the atmosphere by a transport barter, 
the Arctic front. On time scales of a few days to 
weeks, the Aretic lower troposphere is accessi- 
ble only to pollution originating trom very coll 
sourve regions (/4, 15), The polar dome is not 
zonally symmetric and can extend to about 40°N 
‘over Eurasia in January, thus making northem 
Eurasia the major souree region for the Arctic 
haze. Air masses leaving densely populated 
‘om the east coasts of Asia and North Ameri 
too warm and moist to directly penetrate the polar 
doxne, but they can ascend tothe Aretic middle or 
upper troposphere, However, Greenland, because 
high topography, is exposed to pollution 
fiom southeast Asia and North America more 
strongly than isthe rest of the Arctic (/6). 

The polar dome also makes it difficult for 
stratospheric air masses to reach the Arctic lower 
troposphere. A recent model study suggested a 
sarong vertical gradient in the influence of strto- 
spheric air mass (76). For a transport time scale 


Fig. 1. Long-term trends (A) and seasonal variation (B) of 
6-hourly equivalent BC concentrations at Alert. [Reproduced/ 
‘modified from (20) by permis 
Union. Copyright 2006 American Geophysical Union.] 
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‘of 10 days, a 10% contribution from stratospheric 
air masses was found between 3 and $ km, but near 
sea level these contributions had decreased to only 
{mand 0.3% in winter and summer, respective- 
ly, much less than in the mid-latitudes. 

‘The mean circubion in winter is characterized 
by low-kevel transport from northem Eurasia cross 
the Artic toward North America In January, bound 
ary layer air in the North American part of the 
‘Arctic has, on average, experince about 2 weeks 
‘of complete darkness en tute (/6). In summer, the 
‘overall pathway is directed ffom the North Auntie 
‘Ocean across the high Aretic towand the Noth 
Pacific Ocean, andthe transportis only hal as fast as 
n winter, Because of the skawer transport ank mone 
efficient removal processes in summer, pollution 
‘concentrations are lower and high-latitude sources 
‘of air pollution become even more important rel 
ative to more southerly sources, than in winter, 


Tropospheric Ozone 

‘Observed azone trends in the Arctic are complex, 
\with Canadian sites showing inereases in the 1990s, 
purticularly in the winter and spring. whereas de- 
‘eretses were cbseryed in the 1980s (77). Athouh 
‘changes in anthropogenic emissions at midt-atitudes 
are likely to have played a role, changes in natural 
‘emissions oF transport pattems also could have 
been important, Recent climate mod! simulations 
‘suggest that increases in tropaspheric ozone, cused 
by increases in anthropogenic emissions, could 
have contributed 04° 10 0.S°C during winter ant 
spring to 20th-century surface temperature tends 
{roughly 30% of observed trends) inthe Arctic (8). 
is is likely due to longer ozone lifetimes and 
cenhanged atmospheric infarct absorption in the 
dry Arctic winter and subsequent feedbacks on 
snow-ice albedo, Note that these calculations did 
not include boreal forest fire emissions or possible 
changes in the stratospheric ozone flux. The later 


sk oe 


@_2 49 60 9 _190 


has been put forward to explain azone trends in the 
(Canadian Arctic upper troposphere (19). 

To date, the main focus has been on under 
standing the annual springtime increase in ozone. 
‘Ozone lidar data collected from February to May 
2000 between Colorado (United States) and 
northem Canada and Greenland as part of the 
Tropespheric Ozone Production about the Spring 
Equinox (TOPSE) airbome campaign clearly show 
this transition throughout the fee troposphere 
(Fig. 2) 20), Analysis of odd nitrogen (NO,) and 
its constituents confimed previous grounded 
studies showing that, as temperatures warm, ther- 
imal decomposition of peroxy acetyl nitrate (PAN) 
(produced from oxidation of VOCS) isthe primary 
diving factor, kading to enhanced photochemical 
‘ezone production fiom released NO, (2/, 22). This 
springtime breakdown of the Arctic hize's pollu- 
tion reservoir and its subsequent southward trans- 
[port may abo contribute to spring ezone maxima 
observed at remote mountain sites in Nerthem 
mid-latitude (17, 23). However, inconsistencies 
\were found between observations and model cal- 
culations of oxygenated organic and nitregen- 
containing species fe... nitrous acid (HONO), 
‘pemitricacid (HINO,). and PAN feg.(2)]}.and 
also, more recently in hydroxyl radical (OM) data 
ccollcted at the high-altitude Summit site in Green- 
and G84°W, 72.6°N, 3208 m ASL) (24), suggest 
ing that our knowledge of Arctic photochemistry 
and proceses, such as wet scavenging, is inom- 
pkkte. New mensurements of other important ni 
trogen species such asthe nitrate rafical (NOs) arnt 
sdinarogen pertoxide (NsOs), which play a key role 
innightime chemistry, may abo reveal nw insights, 
as has reoxntly bon shown at mid-btitdks (25), 

‘An analysis of TOPSE azone lidar data also 
suggested a rather low contribution from the 
stratospheric flux of ozone during the winter- 
spring (less than 15%) (20), confirmed by more 


CER Average Ozone (ppbv) 


Fig. 2. Average latitudinal distribution of vertical ozone concentrations in 
parts per billion (ppb), measured by airborne lidar, during deployments (A) 
4-9 February 2000, (B) 19-26 March 2000, and (C) 15-23 May 2000. Data 
‘was collected during each deployment on flights between Broomfield, 


recent transport analyses (16), Few global model 
cotimates exist and include more southerly lat- 
inudes, where net exchange is stronger, 
higher estimates for the f orig 
inating from the stratosphere [¢.g., 30 10 30% in 
spring. 30° to 90°N (22)] than what would have 
been obtained for the Arctic alone. Stratospheric 
air masses could also be a source of NOy in the 
twoposphere and therefore nitrate in snow, 

The springtime azone budget is also compli- 
sated by the occurrence of dramatic azone de- 
pletion events in the Arctic boundary layer, fist 
‘observed in the 1980s (26) and evident in surf 
‘exon records (/7) (see also Fig. 2), These events 
are strongly comelated to deposition of gaseous 
‘mercury onto snow surfaces fe... (27) They ane 
related to the rapid release of bromine radicals 
(so-called bromine explosions), seen by satellite 
a clouds of bromine oxide (BrO) over regions of 
sea ice, which then destroy ozone through aseries 
of autocatalytic reactions. The bromine originates 
fiom seawater, but the exact _ mechanism by 
‘which it is transformed 10 reactive bromine in 
the atmosphere is unclear, Mechanisms involving 
formation of sea-salt aerosols fiom frost flowers 
‘on sca ice (28), or sea-sat- contaminated snow on 
nnewly formed sea ice (24), have been proposed 
‘The wider impact of these halogens on the Arctic 
‘evone budget (and indeed the oxidizing capacity 
ofthe troposphere) is also uncertain, Recent cal- 
culations constrained by BrO satellite measure 
ments suggest that azone levels in the Arctic 
boundary layer could be reduced by more than 
S¢P% because of halogen chemistry over the high 
‘northem latitudes in spring (30), 

‘The summertime ovone buxlget his yet 10 be 
<quantitid inthe Arctic. In particular, the impact of 
boreal forest fire emissions, which have already 
been shown at mid-atitudes 10 produce large 
amounts of azone because of their linge loading of 


Colorado (United States) (40°N, 105°W), and northern Canada and 
northern Greenland as part of the TOPSE experiment. [Reproduced/ 
‘modified from (20) by permission of the American Geophysical Union, 
Copyright 2003 American Geophysical Union) 
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nitrogen-contaning constituents, most notably PAN 
(3D, is poorly known. Another process, iden- 
tified relative is the production of NO, 
(and HONO) from photolysis of nitrate in the 
snowpack in the presence of sunlight (32), Ak 
though very high levels of NO, [600 parts per 
trillion} have been observed at South Poke (clevae 
tion of 2840 m) because of the existence of pro- 
Jonged periods with a very stable shallow boundary 
layer (33), much lower enhancements have so far 
been reported inthe Artic (34), making it unlikely 
that these emissions are important on regional 
seal at northern high lates 


Climatic Effects of Light-Absorbing Aerosols 
Measurements at Barrow (156.6°W, 71.3°N. 
Him ASL) have shown that the single seattering 
albedo of haze aerosols in the Arctic can be as 
low as 0.9 in winter (35), indicating that these 
aerosols contain large amounts of light-absorbing 
material, In the Aretc, the efficiency of sunlight 
absorption in. aerosol layers is greater than the 
lower latitudes because of the high 
nd ice and multiple reflection 
and seattering of light between the surface and 
the aerosol layers. BC, which is responsible for 
most of the aerosol light absorption, is a minor 
but important component of the Aretic haze (0) 
and causes heating in the have layers (8). In ad 


Fig. 3. (A) Moderate Resolution Imaging Spectroradiometer (MODIS) satellite image from 5 July 2004 


showing the intrusion of thick smoke from boreal forest fires (red dots) into the Canadian Maritime Arct 
Image courtesy of MODIS Rapid Response Project at NASA Goddard Space Flight Center. View from the Zeppelin 
station near Ny Alesund on Svalbard, Norway, under clear conditions (B) on 26 April 2006 and (C) on 2 Atay 2006, 
when smoke from agricultural fires burning in Eastein Europe was transported to the station (43). [Image 


courtesy of A.-C. Engvall, Stockholm University] 
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tion, deposition of BC onto snow and ice results 
in a reduction of the surface albedo (36, 37). It 
hasbeen suggested thatthe climate forcing due to 
this albedo effect is relevant when compared with 
the effect of GHGs (38). Is efficacy, measured as 
the effectivity in increasing the surface air tem- 
perature per unit of forcing, is twice as lange as 
that of carbon dioxide, and it may be even more 
effective in meting snow and ice 

centrations ar highest during the Arctic 
haze season and lowest in summer (10), Asa result 
of emission reductions, BC concentrations have 
<celinal by $4%at Ake and 27% at Bamow from 
1989 to 2003, but with some indication of a recent 
trend reversal Fig. 1). In win 
mostly fom anthropogenic activ 
‘sional distribution of sources is dchated. In a 
rate model study, it was argusd tht, after recent 
strong emission increases in southeast Asia and 
decreases dsewhere, southeast Asia is now the 
largest BC source for the Arctic (39). However, 
this result also has baen questioned (/6}, because 
the large temperature difference between southeast 
Asia and the Arctic lower tropasphere docs not 
allow for dirt transport between the two regions. 
‘Observations linked with wajectory calculations 
suggested Russian sources have the strongest in 
uence on BC levels at Ale and Bamow (10). 
More BC measurements in the Arctic, especially at 


higher altitudes, are required to clarify the relative 
importance of different BC 
During summer, atmospheric BC concent 
tions are much lower than in late winter and catty 
spring (70) but sill are important for the Arctic 
radiation budget because of the abundance of solar 
rion. A recent model study suggests that, in 
summer, boreal forest fires are the dominant source 
fie BC in the Arctic because many of the fies bum 
at high latitudes (16). Chemical signatures of bio- 
‘mas. buming emissions have been preserved in 
Arctic snow and ice records (41), an! biomass 
‘buming plumes have boon observed in the Arctic 
(41, 42), For example, lange pan-Aretic enhanee- 
‘ments of atmospheric BC concentrations occured 
asa result of strong buming in the bora forests of 
North America in summer 2004 (Fig, 3A), which 
also led to a decrease in the snow albedo at Sum 
‘mit (Greenland) during one episode (43), In spring 
2006, smoke from agricultural fies in eastem 
Europe was transported into the European Arctic 
and led to the highest concentrations of many 
pollutants ever measured at the Zeppelin station 
(ILS®E, 789°N, 478 m_ ASL) on Svalbard, Nor 
Way, as Well as a dramatic reduction in visibility 
(Fig. 3, Band C) (44), Atmospheric BC concen- 
trations reached! record levels and also Hed 10 a 
Visible discoloration of drifting snow ona ghicie, 
All this points toward a strong. influence of 
Iniomass buming on Arctic BC levels, 
bedo, and radiation trans 
‘mission in the Arctic atmosphere, 


Pyro-Convection 
has been known for some time 
forest fies can inject emissions into 
the upper troposphere, ut it was dis- 
covered only recently that injections 
doep into the stratosphere 
and are in fact quite common (45-47), 
The highest altitude where smoke from 
‘boreal forest fires wats observed in situ 
is 17 km, several kilometers above the 
‘wopopause, and at potential temper 
atures greater than 380 K (46). Remote 
sensing observations indicate that even 
deeper injections into the stratospheric 
foverworld are poxsible (47). The lil 
time of aerosols (and also many tac 
szises) at these altitudes ean be months, 
thus prolonging their possible radiative 
effects. It has boon suggested that 
cold bias in the high-latitude lower 
stratosphere that exists in many elim 
models could be removed by includin 
high-altitude BC injections from boreal 
fires (48). However, nothing is known 
bout the impact of pyro-convection 
‘on stratospheric chemistry 


Indirect Aerosol Effects 
Aerosols also influence inradiances in 
the Arctic indirectly via changes in the 
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microphysical properties of clouds. Enhanced 
particle concentrations increase the number con- 
centration and decrease the size of cloud droplets 
(49), which inereases the cloud albedo. They can 
also reduce rain formation and increase cloud 
ime, The Arctic is particularly susceptible to 
aerosol indirect effects, because the low aerosol 
number concentrations result in a large fraction of 
particles being activated during cloud formation 
(8). thas also been suggested that aerosols «xn 
increase the longwave emissivity of Arctic Higa 
Phase clouds (50), Mast liquid-phase clouds con- 
tain enough water to be considered blackbodtcs 
With unit emissivity at thermal wavelengtts: in 
hich case, aerosol effets can be ignored. How 
ever, Arctic clouds are often so thin that their 
‘emissivity increases with inereasing cloud drop- 
Jet number concentrations. This enhances the 
downwelling thermal radiation faxes, an effect 
‘opposed to the indireet effects on the solar 
radiation, The effect is most important in winter 
and early spring, when Aretic haze aerosols are 
abundant, thin clouds exist, and the radiation 
‘balance is tied toward thermal fluxes because of 
the absence or small magnitude of solar radiation, 
Ttmay trigger more rapid warning of the Artic in 
spring and, thus, an earficr snowmelt, However, 
quantitative understanding of aerosol indirect 
effects, including those involving mixedphase 
and ice clouds, remains elusive, 


Future Changes 
‘The disappearance of summertime sea ice could 
have a huge impact on trace was and aerosol dis- 
tributions in the Arctic. For example, inereaset 
areas of open ocean could lead 10 increases in 
natural dimethyl slide emissions and production 
fof sultite aerosols (52), whereas emissions. of 
halogens and! NO, trom the ice and snow could be 
reluced. There is eviderice that ship traffic is 
already affecting the summertime Arctic atmo 
sphere, with strong signatures seen in marine 
‘aerosols (52) Increased deposition of soot from 
increased shipping after the reduction of sunnimer- 
time sea ice could further accelerate sea-ice 
melting. Increases in surfice ozone by a factor of 
2.10 3, to evels curently observed at Northem 
Hemisphere mid-latitudes as a resuk of increasing 
ship NOx emissions, have been predicted (53). 
Similar effects might also be expected from an 
increase in Arctic oil drilling. 

‘As northem high latitudes warm because of 
climate change, boreal forest fires are becoming 
more frequent (54), thus increasing pollution 
transport into the Arctic. This may abo trigger a 
feedback eyele, where forest fire emissions lead 10 
earlier melting of Arctic snow and ice and thus 
funher warning. Furthermore, the polar dome, 
Which curently presents a barrier to pollution 
transport into the Aretic, may weaken in the future 
as the Arctic continues to warn relatively faster 
than the lower latitudes, thus allowing mone efli- 
cient polkation import into the Aretic. This could be 


facilitated by, for instance, an upwand trend in the 
North Atlantic Oscillation, which comelstes with 
the transpon of pollutants into the Arctic (55, 56), 


Future Directions 
Clearly many uncertainties still exist in our 
knowledge of processes governing the buildup 
fair pollution inthe Aretic and its role in climate 
change. Within the framework of the Internation 
al Polar Year (IPY), the scientific community is 
mobilizing to tackle these issues through a series 
‘of coordinated field measurement programs an! 
analysis using climate models that also include 
trace gases and acrosols. 

Most of the ongoing and predicted rapid 
changes in the Arctic climate are a direct consc- 
{quence of the increasing Kevels of long-lived groon- 
‘house gases and ponitive feedbacks specific to the 
Arctic (5). In onder to combat these changes, re- 
<ductions in the emissions of lang-tived greenhouse 
‘gases, particulaly cubon dioxide, are urgently 
needed. However, the Arctic may abo benefit 
more than other regions from reductions in the 
emissions of short-lived climate agents. In paric- 
lular, reducing BC emissions could skw atmo 
splieric warning and the melting of snow and ice, 
and reducing tropespherie ezone concentrations 
could slow the increase in Arctic surface air 
‘temperatures. Increases in emissions of BC and 
‘ozone precursors in the Arctic itself should be 
strictly avoided. 
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Long-Term Satellite Record Reveals 
Likely Recent Aerosol Trend 


‘Michael 1, Mishchenko,* Igor V. Geogdzhayev, William B. Rossow, Brian Cairns, 
Barbara E, Carlson, Andrew A. Lacis, Li Liu, Larry D. Travis 


event observations of downward. soar 
BR sei se Ft ise 
shown a recovery from the previous de- 
cline known as global “dimming” (7), with the 
“brightening” beginning around 1990 (2). The in- 
creasing amount of sunlight at the surface pro 
foundly affects climate and may represent certain 
diminished! counterbakinces to greenhouse gas 
\wanning, thereby making the warning wend 
nore evident during the past dead 
Te has been suggested that tropospheric aero- 
sols have contributed notably to the swith from 
solar dimming to brightening via both direct 
and indict aerosol effects (2. 2) It has further 
been angued (3) that the solar radiation wend 
Imirmors the estimated recent trend in primer an- 
thopogenic emissions of SO3 and black carbon, 
\which contribute substantially to the global acro- 
sol optical thickness (AOT), A. similar inercase 
fof net solar Hux at the top of the atmosphere 
(TOA) over the same period appears to be 
explained by coresponding changes in lower 
latitude cloudiness (4), which confounds the 
interpretation of the surface radiation record 
Therefore, itis important to provide a direct and 
independent assessment of the actual global ong- 
term behavior of the AOT, We accomplish this 
by using the longest uninterrupted recont of 
ttlobal satelite estimates of the column AOT 
‘over the oceans, the Global Aerosol Climatology 
Project (GACP) record (5). The recon is derived 
from the Intemational Satellite Cloud Climatology 
Project (ISCCP) DX radiance data set composed 
of calibrated and sampled Advanced Very High 
Resolution Radiometer (AVHRR) radiances. A 
dialed discussion of the sampling. resolution, 
calibration history, wes in the come: 
sponding satelite sensors ean be found in (6) 


global monthly average of the column 
AOT is depicted for the period August 1981 10 
June 2005 (Fig. 1. solid black curve), The two 
major maxima are caused by the stratospheric 
aerosols generated by the El Chichon (March 
1982) and the Mount Pinatubo (June 1991) erup- 
tions, also captured in the Stratospheric Aerosol 
and Gas Experiment (SAGE) stratospheric AOT 
record (7). The quasi-periodic oscillations in the 
black curve are the result of short-term aerosol 
Variability, 

The overall behavior of the column AOT 
‘during the eruption-ffee period from January 1986 
to June 1991 (Fig. 1, rod fine) shows only’ hi 
‘of a statistically significant tendency and indicates 
that the average column AOT value just before 
the Mount Pinatubo eruption was close to 0.142. 
Aller the eruption, the GACP curve is a super 
Position of the complex volcanic and tropospheric 
AOT temporal variations. However, the green li 
reveals a Jong-term decreasing tendency in the 
tropospheric AOT. Indeed, even if we assume that 
the stratospheric AOT just before the eruption 
was as large as 0,007 and that by June 2008 the 
stratospheric AOT became esentially zero (com- 
Paire with the blue curve), sill the resulting: de- 
crease in the tropospheric AOT during the 14-year 
period comes out to he 0.03, This tend is 
significant at the 99% confidence level 

Admittedly, AVHRR is not an instrument de- 
curate aerosol retrievals from space. 
Among the remaining uncertainties is radi 


spurious aerosol tendenci 
tial systematic changes 

scattering albedo or the ocean reflectance can be 
interpreted in terms of AOT variations. How- 
fever, the successful validation of GACP retriev- 


als using precise sun photometer data taken 
fiom 1983 through 2004 (8, 9) indicates that the 
ISCCP radiance calibration is likely to be re- 
liable. This conclusion is reinforced by the close 
comespondence of calculated and observed TOA 
solar fluxes (4). Furthermore, the GACP AOT 
record appears to be self-consistent, with no 
drastic intrasatellite variations, and is consistent 
with the SAGE record 

The advantage of the AVHRR data set over 
the data sets collected with more advanced 1e- 
cent satellite instruments is its duration, which 
makes possible reliable detection of statistically 
significant tendencies like the substantial de- 
crease of the tropospheric AOT between 1991 
and 2005, With all the uncertainties, the wopo- 
spheric AOT decrease over the 14-year period is 
«timated to be at least 002, This change is eon 
sistent with long-term atmospheric transmission 
records collected in the former Soviet Union (5), 

Our results suggest thatthe recent downward 
trend in the tropospheric AOT may have contrib- 
‘led to the concurrent upward trend in surf 
solar fluxes. Neither AVHRR nor other existing 
satellite instruments can be used to determine 


unequivocally whether the recent AOT we 
duc to long-term global changes in natural oF 
thropogenie aerosols, This discrimination woul 


be facilitated by an instrument fike the Aerosol 
Polarimetry Sensor (APS), scheduled for launch 
in December 2008 as part of the NASA Glory 
‘mission (10). I is thus imperative to provide un- 
imerrupted mulidecadal monitoring of aerosols 
from space with dedicated instruments like APS 
in onder to detect long-term anthropogenic tends 
potentially having a strong impact on climate, 
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An Active Subglacial Water System in 
West Antarctica Mapped from Space 


Helen Amanda Fricker,"* Ted Scambos,? Robert Bindschadler,? Laurie Padman* 


Satellite laser altimeter elevation profiles from 2003 to 2006 collected over the lower parts of Whillans 
‘and Mercer ice streams, West Antarctica, reveal 14 regions of temporally varying elevation, which 

‘we interpret as the surface expression of subglacial water movement. Vertical motion and spatial extent 
of two of the largest regions are confirmed by satelite image differencing, A major, previously 
unknown subglacial lake near the grounding line of Whillans Ie Stream is observed to drain 2.0 
cubic kilometers of water into the ocean over ~3 years, while elsewhere a similar volume of water is 
being stored subglacially. These observations reveal a widespread, dynamic subglacial water system that 
may exert an important contrat on ice flow and mass balance. 


{st MS sabplaclItes hae ben 
A sped beet he Anmrteke Si 
{1} Recon pal sas based on 


cllite data have demonstrated that Antarctic 


distances (2, 3), Lage outbursts of subglacial 
Water have been observed in coastal regions (4), 
but it is not known how frequently these oce 
nor the total amount of water involved contin 
wide. Water benca 


lubricant either betwee 


subghicial water can move in large voku 
tween lakes, on short tin 


n ice stream, acting as 
the ice and subghacial 


Fig. 2. (Left) Locations of 
elevation-change events . 

identified through ICESat \* Mercer lee Stream, 
repeat-track analysis on low 

er WIS and MIS (2003 to 
2006). Straight black tines 
show the ICESat reference 
ground tracks. Colored track 
Segments represent range in 
elevation amplitude for each 
elevation-change event. 
Events cluster into 14 
elevation-change regions, 
which are either rising (+), 
falling (-), or oscillating (-), 
Ice flow is from top left to 
lower right. Background 
image & MODIS Mosaic of 
‘Antarctica (MOA) (30), and 
inset map shows its location 
in Antarctica Bold black tine 
indicates the break-in-slope 
associated with the ground- 
ing zone of the Ross Ke 
Shelf (RIS). White dashed 
boxes show regions covered 
in Fig, 2. White asterisks 
indicate locations of small 
surface-collapse features 
observed on WIS in 1987— 
1988 (fig. S4). (Right) 
Repeat ICESat elevation pro- 
files along track segments 
that cross each type of re- 
gion (-, +, -). Arrows point 
to the location ofeach track 
segment on the image. 


‘Whilllans Ice Stream 


Engelhardt Ice Ridge 


Ross Ice Shelt 
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bed or between grains ofa subglacial tll, affects 
(5). Subglacial lakes have recently 
been linked to the broad onset of f 
the Recovery lee Stream (6) and are located at the 
heads of other Antarctic ice stream tributaries (7). 
The drastic deceleration (a “shutdown") ~150 
of Kamb Iee Stream has been attributed 

ylacial water supply (8), Thus, 
r acial water movement is 
fundamental to understanding Antarcticice stream, 
dynamics and to predicting future An 


ice Now ra 
ter flow of 


tie ice 


al water systems a 
near the weight of the overlying ice (9), so move 
ment of water can cause an elevation change of 
the ice surface that can be detected by satellites 
Past observations interpreted to be Antarctic sub- 


pressurized to 
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elacial water movement have been mage with 
interferometric synthetic aperture radar (InSAR) 
(2) and satellite radar altimetry (3). However, 
InSAR data for high southern latitudes 80°S) 
are presently limited to a brief period during late 
1997 (10, 11), Radar altimetry has a relatively 
Jong recon! and many repeat observations, but 
has limited coverage and spatial resolution (2) 


ICESat Laser Altimetry 
Our approach combines accurate, repeated 
levation profiling from satellite laser altime- 
try with satelite image differencing to map 
and monitor elevation changes. NASA's lee 
Cloud, and land Elevation Satellite (ICESat), 
which earries the Geoscience Laser Alimeter 


System (GLAS). provides elevation data with 
«4 small (65 m) spatial footprint, high vertical 
accuracy [+20 em (13)], and high along-trck 
resolution (=170 m). We analyzed all available 
ICESat data across the Whillans and Mereer ice 
streams (WIS and MIS) (Fig. 1) ftom a series of 
10 data-acquisition periods spanning February 
2003 through June 2006 (Table 1) for apparent 
clevation changes using repeat-irick analysis 
(14, 15) This indicated 101 candidate elevation- 
change “events.” Horizontal offsets of repeated 
tracks (up to ~$00 m) cause apparent elevation 
changes in the presence of nonzero cross-track 
slopes. To focus on temporal variability, we 
conservatively discarded events where the cleva- 
tion trend was correlated with track offset. Most 


Table 1. ICESat operations periods, orbit repeat periods, dates of data acquisition, and release 
numbers (46) for the data used in this work. ICESat has operated in two repeat orbits: 8 and 91 
days, the latter with a 33-day subcycle, The last 33 days of the Laser 2a 91-day operations period 
(ince 10/25/2003) have been repeated in all subsequent operations periods (Laser 2b onward) 


4 months apart. 


Operations period ca Dates Release 
laser 8 02/20/03-03729103 nie 
Laser 2a 8 09/25/03-1004/03 426 
Laser 2a n 1004/03-1119103 926 
Laser 2b na 02/17/04-03/21/08 a2 
Laser 2¢ na 05/18/04-06721/08 17 
Laser 3a na 1003/08-1/08/08 a2 
Laser 3b na 02/17/05-03/2405 a2 
Laser 3¢ na 05/20/05-06723/05 12 
Laser 3d na 1021/05-1124/05 428 
Laser 3e na 0222/06-03728/06 a8 
Laser 3¢ a 05/24/06-0626106 126 


Fig. 2. MODIS difference images (December 2005 minus December 2003) over regions 1 (left) and 3 
(ight). ICESat tracks across both regions are color-coded by the elevation change from October! 
November 2003 to October/November 2005, close in time to when the images that were differenced 
‘were acquired. illumination ofall images used to make the difference images was from the upper right. 
Images for region 1 are shown as an animated sequence in movie S2. 
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of the 46 remaining events showed a change in 
<evation confined toa trough or basin bounded by 
siecper sections of the ice stream surfice (Fig. 1). 
Plotting these events on an image map showed 
that they clustered in 14 distinct elevation-chanige 
regions inthe vicinity of the WIS/MIS confluenc 
and grounding fine (Fig. 1), Events within each 
region had consistent pattems of timing and 
displacement magnitude. The large ( 
region, near the grounding line of Ross Ice Shelf 
(RIS) next to Engethantt Ice Ridge (near the bot- 
1) has the langest-amplitude signal and 
isa special ease that will be discussed later, The 
ther two large regions are located on either 
side of Conway Ridge; one on WIS (~S00km?) 
and the other on MIS (~120 kin?) The remaining 
regions in the lower glacier 
ttunk are smaller, being sampled by just one to 
four tracks, and sum to an estimated area o 
kkm?, None are identified over the central trunk of 
WIS between 148°W and 140°W, but there are 
five adkitional smaller-amplitude regions father 
upstream (fig. $1), Some events may be un- 
dwectable with our technigue and conservative 
riteria, especially in the central ice stream where 
topography is rougher. Overall, ~10% of the 
lower WISMIS arca shown in Fig, 1 is occupied 
¢ regions. The smallest along- 


extent was 9.1 km, suggesting that ICE 
ing in this area (3 10 $ kin) (F 
ng ry 


ions. 


Satellite image Differencing 
‘Tomap the spatial extent ofthe elevation-change 


regions and to confirm the ICESabdetected 
changes, we used a technique involving subtrac= 
tion of similarly iluminated groups of satelite 
images. High-precision radiometric images of a 
uniform snow/ice surface are sensitive 10 sur 
fice slope (/6, 17). We used images from the 
Moderate-resolution Imaging Specttoradiometer 
(MODIS) sensor, flying on NASA's Terra and 
Aqua satellites. We constructed a multiyear series 
of calibrated surface reflectance images. from 
multiple cloud-masked, destriped, visible-band 
scenes acquired over brief intervals (a few weeks) 
sar (lig. S2). This “image stacking" pro- 
cess yiekds scenes with improved radiometric and 
spatial detail (/8), By sublracting these images 
the resultant image emphasizes areas whet 
face slope changed [see “Satelite Image Dif 
ferencing” in (/9)}. Figure 2 ilastrates how image 
differencing complements the ICESat analysis by 
ng the spatial extent ofthe two regions with 
the largest elevation changes. For these regions, 
image differencing confimed the sign of surface 
levation change and the relative magnitude of 
the surface slope changes. No additional regions 
of change were identified. 


Interpretation 
‘The detected elevation-change regions display a 
Variety of temporal signatures. The three largest 
regions show nearly constant activity between 
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each ICESat operation period, whereas. other 
ions were frequently quiescent. The track 
change between ICESat 


‘operation periods were nearly constant. Transects, 
all 
ssian in shape 
ns (1 and 2 


of elevation differences (not shown) for 
wgions were approximately Gi 
whereas tracks across the langer 


in Fig, 1) had flat central portions with the dif 
The 
growth or 


ferences decreasing toward each end. 


constancy of the spatial extent durin 
decay, the short time scale of the changes, the 
shape of the fexural boundaries (/4), and the 


locations of the changes (in basins) are all 


consistent with water: 
and not consistent with the sudden formation or 
erosion of subglacial landforms. as. recently 
reported beneath another Antarctic ice stream 
(20), We interpret these elevation-ch 


as surface expressions of ponded. subglacial 
rand the observed surfice movement 0 be 
due t0 wal 


conduits beneath the ice streams, This concept is, 


in or loss through a system of 


lized in movie SI, Wehave detected similar 
Is on MacAyeal Ice Stream (fig. $3). We 
refer to gions 1, 2, 3, and 13 as subyghacial lakes 
Engelhardt, Conway, Mercer, and Whillans, 
respectively, based on nearby named ice features, 

Using ice-thickness data (2/) and a smoothed 
digital elevation mode! from ICESat data (22), 
\we mapped the hydraulic potential [or subglacial 
pressure field ‘Calculation of hydraulic 
potential pressure” in (/9)] and compared it with 
the distribution of inferred active suby 


locations (Fig. 3), Resolution of our pressure map 
km, Errors in the estimated potential are 
10 kPa of the mean at this aver 
larger (~100 kPa) localized variations may be 
associated with smaller-scale surface or bed 
topography. Relative minima in the subglacial 
uld tend to 


ing scale, but 


pressure field identify areas that w 


collect and retain water: seep pressure gradic 


promote rapid water movement; and the direction 
of subglacial water flow is toward lower pressure 


and normal to equipotential contours. Several of 


the identified elevation changes, including sub- 
tslacial lakes Whillans, Mercer, and Engelhart, 
coincide with lows in the regional subglacial 
acial Lake C 
area of low potential gradient, 
Aly 
tem lo 
Antarctic ie st 
tion of rapid n 


pressure, while Su 


fal water sys- 
h active West 


h existence of sui 


has been suspected be 


ns (5, 8) the present observa 


voirs is unprecedented. The only direct evidence 
of pooled subglacial water comes from drilling in 
the upstream portion of Kamb Ice Stream (23). 
Indirect evidence comes from InSAR (2), seismic 
data (24), and aitbore observations of small 
collapse features on WIS in 1987-1988 (Fig. 
1 and fig. S4). Although they are close by, these 


locations do not coincide with features identified 
here. WIS and MIS are fast-flowing 


and have a soft tll layer at their beds (25). Given 


ice streams 


the revent observation that large volumes. of 


sediment can be transported rapidly ben 


th ice 
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streams (20), it is possible that on longer time 


des to centuries), the features we 
A large bottom 
‘erevasse, at kast 12 km long, detected at the base 
of WIS (26) by radio-echo so 
been the expression of a conduit 


have identificd may migrate 


may have 


formed pat 
of the subglacial system at that time 


Subglacial Lake Engelhardt Drainage Event 
ICESat obser The observed drainage of 


Jhardt is particularly 


4 shows sequential eleva. 
tion profiles for two ICESat tracks across the 
lake and the clevation evolution at three eras: 
The first ICESat 
cebruary 2003 (Laser 1), 


overs (27), pile across the 


lake was acquited 


along a track of an 8-day 


ration that was almost coincident with Track 206 
from the 91-day repeat-orbit configuration used 


for all observations from October 2003 onward 
1), Between October 2003 and November 
9 maa 


clevations decreased by du 


ally decreasing rate over most ofthe basin, while 


or 2005, 
The ICESat data have sufficient 
resolutio 
the lake 
data acquired during 


along-track 
to reveal the expected ice flexure at 
ins during drainage (28). ICESat 
2006 suggest that some up 

of 


Tift has occurred, indicative of slow refilling 
the lake (29), 
Image differencing. 


Annual difference im. 
2000 10 2005 are 


consistent with drainage starting in 2003 and 


1 the flat surface shape 
in the center during deflation and the Mesure 


a the edges, an! reveal several elongated areas 


Fig. 3. Inferred subglacial water (hydrostatic) pressure at the base of the ice, in kilopascals (KPa), 
relative to the value at the grounding line near Subglacal Lake Engelhardt. The pressure-field resolution 
is ~75 km [see “Calculation of hydraulic potential pressure” in (29)]. Contours (interval 100 KPa) and 
‘gray-scale both represent hydrostatic pressure (dark indicates lower pressure). The broad yellow bars 
hightight “ridges” in the pressure field that may separate subglacial drainages. Figure covers the same 
area as Fig. 1, and colored track values represent range in elevation amplitude as in Fig. 1. White 
asterisks indicate locations of small surface-collapse features observed on WIS in 1987-1988 (fig S4). 
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near the region's upstream end, They also show 
that the downstream end of the feature is ~7 kin 
from the grounding line of the Ross lee Shelf as 
mapped by both surface slope change in 
MODIS imagery (30) and ICESat repeat-track 
analysis (4), The outline of the basin is marked 
by the increasing slope at its edges (Fi 


4 pro- 


Hydraulic path, discharge rate, and tral 
volume fost. The hydraulic path for the Sub- 
wsacial Lake Engelhardt water was across the 
grounding fine into the ocean, The subglacial 
pressure field (Fig. 3) shows that lake pressure 
was likely 100 to 200 kPa higher than the pres- 
sure of the ocean at the grounding line before 
drainage (37), The downstream end of the lake 
js closed off from the ocean by a weak pres 
sure barrier of ~SO kPa, This was presumably 
breached during drainage by a conduit too small 


to be resolved in the potential map. Based on 
the subsidence area and the elevation decreas 
the lake lost ~20 km? of water to the ocean 
cavity beneath RIS. The initial maximum mate of 
1.25 km? year (-40 m? 5) was sustained for 
18 months, For comparison, jokulhlaups (out- 
bursts of subyglicially stored water) typically 
reach discharge rates one to vo odcrs of maz- 
nitude ager but only ast for days (32). The rela- 
tively low pressure diferent (33) may explain 
the absence of an exponcntial wrowth in the dis 
charge typical of jokulhlaups, leading to the ob- 
served more gradual drainage ata nearly constant 

We cannot determine from the data the di- 
mensions of the outlet conduit (34), nor whether 
itconsisted ofa single channel cither inthe ce or 
the subglacial til (35), a flowing water shost (36), 
‘oranctwork of inked channels, Previous authors 
(3) inferred a steady flow mate for a subglacial 
Jake in East Antarctica (37), which they attributed 
{0 modification of the overburden pressure as 


SEp2ERe 
Saseeke 


ue 


Fig. 4. (Top left) ICESat 91-day tracks across newly discovered Subglacial Lake Engelhardt on 


northwestern WIS. Background image is MOA (30). Tracks are color-coded by elevation change between 
October 2003 and November 2005. White asterisks locate tide-induced icelenure limits for the 
‘grounding line derived from ICESat repeat-track analysis (24). (Top right and bottom left) Repeat ICESat 
profiles along two tracks across the lake (see top left panel for locations). Track 206 was an almost exact 
Tepeat of an 8-day track, and the first three profiles were acquired in this orbit (Laser 1. and Laser 2a; 
Table 2). (Bottom right) ICESat elevations against time at three orbit crossovers in the center of the lake 
(ee top left panel for locations), including the 8-day data at crossover 1 in February/March 2003. SOAR 
data from 1998 (indicated by an arrow) are discussed in the supporting online material. 
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the ice roof deformed to accommodate the chang- 
ing water volumes. For Lake Engelhardt drain- 
age, flexure is limited toa narrow (~1 kin) zone at 
the margin, and litle energy was expended to 
deform the roof (28); therefore the roof subsidence 
must have kept pace with the drainage, Termi- 
nation of discharge may have occurred because 
the declining pressure head could no longer over- 
‘come closure of the outlet path, or the lake had 
achieved hydraulic equilibrium wi 
sub-ice-shelf cavity, We see no e 
response of the lake since 
Lake history and possible trigger mechanism. 
We examined historic data sets (both field and 
satellite) 0 assess prior states of Subylacial Lake 
Engelhardt and found no evidence of prior drain- 
age (supporting online text. The 2003-2006 
drainage event may have been triggered by 
fongerterm ice thinning and local upstrea 
‘migration of the grounding tine (39), causing 
the lake seal (ice dam) to break, This thinning 
and migration of the grounding zone can b 
seen in fig. S2 and movie $2, We calculated 
migration rates of 443 = 60 m year”! and 330 
100 m year * fiom ICESat (2003 40 2006) and 
MODIS (2000 10 2005), respective 


Hydraulic Linkage and Volume Estimate for 
Water Within the WIS/MIS System 

The subglacial hydraulic pressure field beneath the 
fee stwams (Fig, 3) includes three major divide 
that control water flow direction and separate 1e- 
sons of subglacial water activity (40), Mone than 
half of the subglacial area of WIS is hydraulically 


age fiom this sublacial reservoir 
rected southward into Subglacial Lake Mercer 
and, froe there, westward to spread more broadly 
‘eros the ice plain, ICESat’s temporal records of 
elevation change in this catchiment support our 
interpretation; Subylacial Lake Mercer and regions 
4 and 3 (Fig, 1) all indicate water toss between 
Inte 2005 and mid-2006, whereas the four regions 
downstream (6, 7, 8, and 9) grow by an amount 
qual 10 half of their combined drained volume. 
Saibelacial Lake Whillans fics in a more restricted 
ccchment that narrows upstream. It was relatively 


11. and 12 downstream are active throughout the 
ICESat_ measurement period, with «small net 
szain in volume. The third catchment feeds Sub 
locial Lake Engelhardt and is confined to the 
othem margin of WIS by the northernmost 
divide in the pressure fill, 

We have shown that Subglacial Lake 
Engefhandt drained during the first 2.7 years of 
the ICESat mission, with a total volume loss of 

2.0 kim’. In the same period, Subglacial Lake 
Conway steadily filled. with a total volume 
increase of 1.2 kin’. The surface of Subglacial 
Lake Mercer oscillated, rising between 2008 and 
Inte 2005 (sce Track 306 on Fig, 1, and Fig. 2) 
and sinking from late 2005 to mid-2006, for a 
net volume gain of 0.12 km?, The remaining 
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clevation-change areas summed to a total volume 
increase of 0.27 km’, but we found lithe tem- 
poral coherence between them. Iynoring the 
few regions far upsream on WIS and the isolate! 
Subglacial Lake Engethant, the incremental water 
stored during exch interval betwoen ICESat ob- 
servations (-4 months) varied from *0.05 to 
04 km’, The total volume ineease was 1.6 km? 
summed over 33 months (or ~06 km? year), 
Which is approximately equal to the volume of 
water lost from Subglacial Lake Engelhardt 
(2.0 km), The average annual rate of water stor- 
age is similar wo the estimated arca-integrated 
production rate for basal water (0.53 kan? year*) 
‘over the entire 168,000-kin? catchment of WIS 
(41), Thus, a substantial faction of te subglacial 
water prxluced beneath these ie stcams transits 
though the observed subglacial water system, 
The volume of fresh water inject into the ocean 
cavity under the RIS is small relative to the net 
production fiom basal melt under the RIS, but 
may influence the thermohaline citeulation inthe 
sib-ivesbelf cavity clase tothe source 

Net storage of water inthe system, sustained 
fom one ICESat observation interval to the 
next, is not an equilibrium situation; Eventually 
the water must either fraeze onto the base ofthe 
ice stream or be discharged, peshaps in the man- 
ner we observed for Subglacial Lake Engelhardt 
Because that lake lost as much volume as was 
zained elsewhere, the net change in water volume 
inthe whole system for 2003 to 20016 was close 
to zero, However, the subglacial catchment map 
shows that iti not the same water; Subglacal 
Lake Engelhardt is not hydraslcally linked w 
any of the other observed lakes in the system. 
Present basal conditions of WIS and MIS pro 
mote basal freezing (47), probably inhibiting wa- 
ter discharge and possibly explaining the current 
terdeney to store subglacial water. Additionally, 
tially modulated stick-slip motion | which results 
in twice-daily transitions between rapid ie flow 
and nearly no ice flow (42)], observed over most 
‘of the lower part of WIS, may interfere with the 
movement of subglacial water on a daily basis 
Water will flow toward isolated low-pressure 
regions, which are preferentially located in the 
types of local surfuce depressions we identify as 
collecting subglacial water. As water accumu- 
lates, as it is presently doing in Subglacial Lake 
Convvay, the hydrostatic pressure will eventually 
‘overcome the glaciesttic pressure leading to ake 
discharge (32), and the water will drain either to 
another basin oF across the grounding line into 
the ocean, This eyele of draining and filing may 
fluence the ice stream velocity, on shor time 
scales of weeks 10 months. Variability of sub- 
‘elacial water production and storage may explain 
the recent slowdown of WIS 43. 44). 


‘Summary 


effective technique for monitoring water move 
iment under glacial ice. Using this approach, we 


have discovered a widespread, active water system 
undemeath the Whillans and Mercer ice streams, 
two of the lana streams draining the West Ant- 
arctic Joe Sheet. The detected motions are large, 
extensive, and temporally variable. They sugaest 
‘that there isa net gain in water over the observation 
iterval (2003 10 2006), which is Tkely both 
fecting and influencing the motion of these major 
Antarctic ice steams. These observations provide 
clus to understanding the stability of ie streams 
through their sensitivity to basal lubrication. The 
time seale for subyeicial water transport (months 
to years) is shot compared with that of other 
known drivers of cial flow variability, suggesting 
a mechanism for more rapid changes in ie steam 
behavior than have previcusly been assumed. 
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The Structural Basis of Ribozyme- 
Catalyzed RNA Assembly 


‘Michael P. Robertson and William G. Scott” 


Life 


iginated, according to the RNA World hypothesis, from self-replicating ribozymes that catalyzed 


ligation of RNA fragments. We have solved the 2.6 angstrom crystal structure of 2 ligase ribozyme 
that catalyzes regiospecific formation of a 5’ to 3° phosphodiester bond between the 5triphosphate 
and the 3-hydraxyl termini of two RNA fragments. Invariant residues form tertiary contacts that 


8 Mexible stem of the ribozyme at the ligation site, where an essential magnesium ion 


coordinates three phosphates. The structure of the active site permits us to suagest how transtion-state 
stabilization and a general base may catalyze the ligation reaction required for prebiotic RNA assembly. 


he discovery of RNA enzymes (or 
| ribozymes) in the 1980s (/-3) reignited 
interest in the chemical basis of the origin 
‘of fife and resulted in formulation of the RNA 
World hypothesis (4. IF RNA, in principle, can 
be both a genome and a catalyst, prebiotic self 
replicaing RNA molecules are Tikely an im 
mediate evolutionary precursor and possibly a 
constituent ofthe first living organisms. All extant 
protein-based RNA polymerases synthesize RNA 
by catalyzing the templated ligation of a nuckeo- 
tide triphosphate to form a Sto 3° phosphodiester 
bond (Fig. 1A) Although natural ribozymes cat- 
alyze various phosphodiester bond isomerizations, 
hydrolysis, ana! even peptide bond formation: (5), 
ho naturally oceuring nucleotide triphosphate 
ligase ribozyme that catalyzes the reaction required 
‘ofan RNA polymerase has been discovered 
Ribewymes that specifically and regioselectively 
ceatalyze the templatedependent $10 3° phospho- 
dgster bond ligation reaction that woul! have been 
equine for a prebictic solPreplicaing riteyie 


(6) have, howvever, been create in the laboratory 
\ith artificial evolution and selection techniques 
(7-13), thas providing a proof of principle that 
RNA can catalyze the chemical step required for 


selFreplicaion, The absence of natural polymerase 
‘or replicase ribozymes may be simply a conse- 
‘quence of a selection process tht favored protein- 
haved enzymes over less efficient ribozymes, 
rather than evidence that disfinvors their existence 
in a probiotic RNA World. In adkliton, chimesic 
RNA mokeukes conssting of a ligase ribozyme 
joined to an exogmicus templat-binding domain 
have been created by using a combination of in 
Vitro evokition and rational desion (/4, 15). These 
Higase-based ribozymes are capable of polymeriz= 
ing an entine turn of an RNA helix and are there- 
fone trie RNAependent RNA polymerases (/6) 

‘To better understand the stereochemistry and 
mechanism of this reaction in the context of ribo- 
zyme is, we have obtained the crystal 
structure of an LI RNA ligase reaction product in 
‘hwo conformational states, one of which appears 
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to be close to the likely transition-tate geometry 
‘of the active ribazyme, and the other appears 10 
be ina relaxed or undocked state 

The L1 ligase ribozyme. The LI RNA ligase 
boayme was ikokaed from a population of syn 
thetic randomsequence RNAS by in vito section 
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(A). This roozyme catalyzes nucleophilic attack by 
a 3hydroxy! group on the a-phosphorus of the 
ribozyme’s S'ariphosphate, creating a new phos- 
Phodicster linkage and releasing pyrophosphate 
(Fig. 1A), Although many in vitro selected tibo- 
me igases produce unnatural 3° to 2° phospho- 
slcster linkages, the LI ligase is one of five 
ribozymes known to catalyze the regiospocific 
formation of the natural 5’ t 3° phosphodiester 
bond (8, 9, 1-13). The LI ribozyme is highly 
flexible and, thus, responsive to structural pe 
turhations that influence interconversion between 
active and inactive conformations. This has been 
‘exploited to enginoer the LI ligase into a molec- 
ular sensor for oligonucleotides (9), sinall moke- 
‘cules such as ATP (9) and FMN (/7), proteins 
(U8), and peptides (79), These allosteric molec- 
ular switch constructs have activation ratios as 
high as 50,000-fold over basal ligase activity. 

Previous mutation and footprinting data 
(9, 20) revealed that the LI ligase folds into a 
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Fig. 1. tigation reaction and L1 ligase secondary structures, (A) Ligation reaction catalyzed by the LL 
ligase in which the 3'-hydroxyl of the 3-terminal residue of the substrate oligonucleotide attacks the 
‘a-phosphorus of the ribozyme’s 5-terminal guanosine triphosphate, which creates a new phosphodiester 
bond. (B) The proposed secondary structure of the full-length LL ribozyme. Nucleotides in lowercase are 
derived from the constantsequence regions of the original N90 library; uppercase residues are derived 
{rom the randomized region of the pool. The substrate oligonucleotide is italicized. Positions within shaded 
boxes were invariant among clones solsted from 2 mutagenized reselection of the L1. ligase; postions in 
boldface were conserved in >85% of isolated clones. The dotted tine indicates a base triple. [Figure 
adapted from (9).] (C) The secondary structure of the minimized crystallization construct, L1X6c. 
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triplestemmed secondary structure, with the ma- 
jority of conserved residues located either in 
Positions predicted to base pair with experimental- 
ly unvaried sequences or within a “catalytic core” 
region of ~17 nucleotides adjacent to the Uhre 
his junction (Fig, 1B), Stem A includes the high- 
ly conserved, complementary template that pairs 
\With the substrate oligonucleotide andl aligns the 
cond of the substrate with the 5 end of the bozyme 


three nonstandard pairings that I 
atthe ligation junction, namely, two G:U pairs on 
either side of a G:A pair. Although various types 
‘of unpaired nucleotides oF nonstandard pairing at 
the ligation junction are seen in other ligase ribo 
zymss (8, 10-12) and presumably fiction w co 
tort the helical geometry in. a way that facilitates 
catalysis, templatemedtioted prowimity effects are 
Hot sullisent to account for the observed! cata tic 
rate enhancement An axkltonal highly conserved 
region ofthe ibazyme consis of =17 moly inva 
fant o¢ covariant nuclides in stem C that reside 
nmmadiaely adjacent to the threes junction. 
‘This region, previously refer to as the ribozyme 
“cone” (2), contains four predicted Watson-Crick 
base pains, an absohitely conserved GA pair, and 
eral highly conserved but presumed unpaired 
nucleotides, whose function is unclear fom the 
secondary structure, The remainder of stem C 
beyond the conserved core region, as well as the 
majority of stem B, can be replaced with stable 
tetraloops without reducing ribozyme activity 

To optimize crystallization, we ereated a 71- 
nucleotide construct, LIX6e (Fig. IC). whose 
aulocatalyzed ligation product is a covalently 
‘closed circular adkluct, in which stems A, B, and C 
are each capped with GAAA tetraloops (27). The 
ligation rate of a bimolecular version of LIX6e 
having covalently distinct enzyme and substrate 
strands (instead of the etraloop capping stem A) 
is 1.Shhour at pl1 7.6 in the presence of 1.3 jiM 
substrate and 60 mM MgCl; [supporting online 
material (SOM)]; the more difficult to measure 
tunimolecular reaction will likely be faster be~ 
‘eause of the lack of an unfivorable entropy eon 
tribution inherent in a bimolecular reaction. 

The LL ribozyme crystal structures. The 7I- 
nucleotide LIX6e ribozyme, when transcribed, 
ds into an active structure that sutotiyates wo 
wim a close circular adduct (Fig. 1C), The 2.6 A 
csolution crystal structure was solved (22) by 
jecewise molecular replacement using ideal 
A-form RNA model helices (Fig. 2A to D). Two 
figase molecules form an asymmetric unit within 
I. Each isa roughly shaped molecule 
in which stems A and B coaxially stick, and the 
shorter stem C forms an almost perpendicular 
branch ftom the three-strand junction. The second 
ary structure closely conforms 1 that previously 
predicted on the basis of biochemical mapping and 
footprinting, except A23 forms a wverse-Hoowsicen 
pair with U37 instead of pairing with U38. 

‘The to ligase molecules in the axymmettic 
tint, despite their identical secondary structures, 


are not superimposable; stem C branches in eppo- 
site dinctions when stems A and B of the two 
conformers are overkid (Fig. 2C). The two male 


ecules of the asymmetric unit, designated P and 
Q, are in distinctly different conformations. Stem. 
C of the ligase molecule P is angled away from 


Fig. 2. The crystal structure of the L1 ligase ribozyme. (A) The refined all-atom structure of the 
crystallographic asymmetric unit ofthe L1 ribozyme, superimposed on a simulated annealing composite- 
‘omit sigma-A-weighted 2Fuas ~ Faie Map contoured at 1.2 RMSD (root mean square deviation). The two 


RNA chains are each rainbow color-coded such that the 5° terminus is blue and the 3’ te 


ss red, 


(B) A complementary cartoon representation of the crystallographic dimer with the same color scheme, 
but with the electron density omitted for clarity. The phosphodiester backbone is shown as a ribbon, and 
the side chains are depicted schematically as sticks. (C) A least-squares superposition of molecules P and 
, with molecule P depicted in cyan and Q in magenta. Stems A, B, and C are labeled. (D) An all-atom 
stereagraph of the docked conformation of the ligase ribozyme (Q) color-coded as in (A and 8). In 


addition, the phosphate at the tigation site is shown in gray, the 


‘Ng"* ion believed to be involved 


directly in ligation catalysis is represented as a magenta sphere, and a water molecule at the active site 
‘is shown in beige. Contacts between the metal ion and three nonbridging phosphate oxygens and 
between the RNA and the water molecule are depicted as blue-gray dotted lines. 
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the ligation ste, and this molecule is in a reba, 
presumably inactive, confomation. In contrast, 
stem C of figise molecule Q forms tertiary con- 
tacts with the Higaton site, in which an invariant 
uridine (residue 38 in stam ©) makes a reverse 
Watson-Crick base-pair with the invariant AST at 
the ligation junction in stem A. We therefore oon 
clude that molecule Q is crystallographically 
trapped in a docked, putatively active conforma 
tion that fulfills interactions infeed to be required 
fiom sequence invariance. This situation is some- 
\what similar to that observed for the hammerhead 
ribozyme. The truncated form of the hammer- 
head ribozyme (23, 24) lacks the distant tertiary 
‘contacts that stabilize the cleavage site in an ac- 
tive conformation, When these tertiary contacts 
luded, the structure of the thiee-stranded 
ges 10 reposition invariant active 
1 ficilitate aeidhbase catalysis 
(25), Fortunately, in the present ease, both at = 
faxed and a potentially active conformer were 
found to be present as two erystallographically 
independent molecules within a single crystal 
‘The superposition of coaial ems A and B of 
molecules P and indicates that most of stom A is 
unchanged in the two conformers apart from the 
three-heliy junction and the transition to stem B, 
AAs the phosphate backbone approxches and tra- 
crses the thnex-helix junction, the unddocked con 
oem, P, beyins to bacon slightly underwound 
relative 10 the docked confonner, Q, which more 
closely resembles an ideal A-form helix, Overlay- 
ing the stem A tetraloops of mokeuks P and Q 
allows comparison ofthe relative dispositions of the 
stem B tetralops inthe two conformers, revealing 
that conformer P has become unwound by ~79 
and is displaced by 8 A relative to confoemer Q. 
The conserved catalytic core, The ponitions 
previously identified as the ribozyme “core” res 
dues can now be subalivided into two fictional 
celusters. The fist functional cluster is make up of 
the unpaired nucleotides UI9, AA’, 
the GI8:CA2 pair detining the he 


This region appears to function as a hinge, which 
allows stem C to pivot relative to stems and B. 
Distortion of this hinge region accompanics bli 
cal unwinding of stems A and B in the undockad 
‘molecule. This prevents stem C from making the 
tertiary contacts with the catalytic site requited to 
form the docked conformer. A43 and Gi stack 
‘on cach other but do not pair or interact with other 
nucleotides in either conformer. Although these 
two positions ane highly conserved among Lt 
Figase variants, they always occur in the context of | 
8 fivenucteotide CG~CAG motif encompassing 
positions C17, G18, C42, A43, and G4, with all 
but Ad3 and G44 involved in base pairing, A 
pentuple substitution of these pesitions observed 
in various selection experiments reveals a distinct 
UA-UGU motif that retains the same pairing 
layout as the CGCAG motif but confers a 13- 
fold increase in the ribozyme’s catalytic activity, In 
‘general, the L ligase variants contained either one 
motor the othe, but did not tolerate mutations of 
fewer than all five positions simultancousty (20), 
In light of the curent crystal structure, it scems 
Tikely that these five positions have a significant 
eflect on the hinging characteristics and position 
ing of stem C, and the UAUGU motif either 
favors access to the active orientation of stemn C or 
disfavors access 10 one oF more inactive confor 
iistions. Also associated with this hinge region is 
the unpaid, yet highly conserved UL9 that fi 
its base out of the helical stack of sem C. Despite 
‘being one of the mest highly conserved pexitions 
in the molecule (invariant in at east 25 out of 26 
sequences) this nucleotide, nonetheless, makes 0 
apparent secondary oF tertiary contacts. Although 
it is possible that an unobserved interaction has 
‘been disrupted by the crystallization process, 
sziven the context of the position and the global 
{okt ofthe ligase, this residue may serve simply t0 
add flexibility tothe hinge domain, 

‘Two Watson-Crick base pairs join the hinge 
to the other functional cluster within the core, 
composed of nucleotides G22 to A23 and U37 10 


Fig. 3. Architecture of the ribozyme core and interhelical base triple 
interaction. (A) Stereograph of the spatial disposition of the invariant 
nucleotides in the active site of the ribozyme Q, using the color-coding of 
Fig. 2A. The sheared G22:A39 and reverse-Hoogsteen A23:U37 exclude 
U38 from the helical stack, permitting it to make a tertiary interaction 
the form of a base triple, The ligation-site 
phosphate is shown in white; hydrogen bonds are indicated as magenta 


with the stem A ligation sits 
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A39. G22 forms a sheared G:A pair with A39, 
and A23 forms a reverse-Hoogsteen pair with 
1U37. The contortion ereated by these adjacent, 
snon-Watson-Crick pairs induces the invariant 
UBS to flip out of the helical stack (Fig. 3A), In 
the docked conformer, the Lat position 38 is the 
single nucleotide base in stem C that interacts 
\with the ligation junction of stem A asa specific 
tertiary base-pairing contact in a G:AcU base ti- 
ple with GI and ASI, the ligation-site nucleotide 
and its pairing partner, respectively (Fig. 3B). Gt 
forms a sheared G:A pair ‘and U38 
pairs with AST in a everse- Watson-Crick orien- 
tation with GL rotated by ive to the 
U3KASI plane. In the undocked structure, the 
ofientation of stem C prevents U38 fom pan 
Jpating in this base triple or any other interaction, 
and the resulting disorder of this residue is 
evident in the electron density map, The conse- 
quence of this interaction on the detailed confor 
‘mation of the ligation site ean be observed by 
‘overlaying the ligation junctions of the docked 
and undocked conformers (Fig. 4), The active 
site phosphorus is shifted 1.86 A between con- 
formers P and Q. Although the construct erys- 
tallized for these experiments was the ligation 
[product of the reaction, and specific conclusions 
regarding the preligation complex cannot be ex- 
trapoated, itis lear that the interaction with U3S 
to form the G:A:U hase triple has a discernible 
elect on the positions ofthe active site atoms. 
1Ng?* binding and the ribozyme’s chemical 
mechanism, The Lt ligase is an obligate metal: 
Ioenzyme that i highly specific for My?*, It was 
selected in the presence of mM MgCl and 
functions optimally in Mg?” concentrations as high 
as 100 mM. None of the eeher common divalent 
metal jons, including manganese, are able 0 suib- 
stitute for Mg? which suggests role for Mu in 
the chemical mechanism of catalysis. Inspection 
of Foam ~ Feat tid Fae ~ Fae ilerence Fouriet 
maps allowed identification of several pesential 
high-occupaney Mg?" sites above So. The most 
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dotted lines, a Mig ion that bridges the helices of stems A and C is 
shown as a magenta sphere, and its three direct coordinations to the 
‘A39, G40 (light green) and G1 (white) phosphates are shown as light 
blue dotted lines. U72 (shown in red) forms a wobble pair with G52 
(shown in orange). (B) Close-up of the interhelical G1:A51:U38 base 
triple. The G:A interaction is a sheared base pair, and the A:U interaction 
is a reverse-Watson-Crick base pair. 
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Prominent of these peaks (Fig. 4B) is located 
proximal to the ligation site ofthe docked sircture 
Q and is centered 22 A fiom the nonbri 
Phosphate oxygens of A39 and G40 of sem C, 
making an angle of 91° between them. This site is 
abo 43 A fiom the N7 of Gl0, a distance and 
‘orcntation consistent with a water-mediaied coordi- 
nation (26), On the basis of the nearly perfect 
resemblance Wo the ideal geometry for an eta 
dally coontiontod Mg ton, and is incompetbilly 
with water hydrogen-bonding distances, we have 
assigned this as a My site. In axkition 9 cooe- 
dlinaing the two adjacent phosphates in stem C, the 
Mg" ion also makes a 22 A contact to the ligation 


site phosphate of GI the 
stem C and stem A taices. This bridge and the 
USXGEASI base triple frm the main tertiary 
contacts that stabilize the docking of sems C and 
A in the ligase ritazyme and lock the mofocule 
ino what appears tobe an active confoation 
The bood distances (22 A) and ang (91°) 
between the nonbrideine phosphate oxygens of 
A39 and G40 and the ligation-site Mare both 
(ith experimental coe ical for an octab 
coordinated complex. The geometry ofthe 
2 with respect 10 the ligaion-ite phos- 
phate ks ideal, with a My-O distance of 22.A 


phate oxygen of G1 and the phosphate oxygens 
of A39 and G40, respectively. Based upon the 
location of the Mg™ ion bound to the ligation-site 
phosphate, the previously observed strict equi 
‘ment for Mg” ions in the ligase reaction, as well 
as the details of this ion’s coordination geometry, 
Wwe propose that the ligation-site Mg** ion binds 
tightly to three phosphates that make up a specific 


tion site nucleotides. In addition, we hypo! 
‘size thatthe catalytic role of this M 
include sereening the excess 


and angles of 86 


between the phos accumulates in the transition state 


Fig. 4. Close-up view of important interactions in the 
Ligation site. (A) The ligation junction in stem A of the 
undocked conformation (P) and the docked conformation 
{Q) ate shown according to the color scheme used in Fig. 
2C. Ih addition, the base and ribose of the docked 
‘conformation G1 is highlighted in red, and the ligation- 
site phosphate is shown in white. A conformational change 
's induced at the ligation site in the docked conformation 
relative to the undocked conformation by tertiary contacts 
with stem C (omitted in this figure for clarity), (B) A 
‘stereograph of the Mg?* ion coordination to the A39, G40 
and ligation-ste (G1) phosphates. A difference Fourier 
‘peak contoured at 3.0 RISD corresponding to the Mig? 
fon center of mass is shown in gray, and composite-omit 
electron density, asin Fig. 1, fs shown in blue contoured at 
2.0 RMSD. The Mg°* ion appears in the composite omit 
‘map with a peak height of 1.5 RMSD, and in refined 
sigma-A-weighted 2Fay, ~ Fax. Maps at about 5 RMSD. 
The binding environment is inconsistent with a water 
‘binding-site but is ideal for a Mg’* ion. (C) A stereograph 
of the active site of ribozyme Qin which the blue to red 
color scheme of Fig. 2 is used, in conjunction with the 
tigation ste phosphate highlighted in white. The blue mesh 
represents the final refined sigma-A-weighted 2Fap. ~ Fate 
‘map contoured at 1.5 RISD. The ligation-site Mg ion i 
shown in magenta, and water 13, believed to playa crucial 
role along with the Ng” ion in stabilizing the structure of 
the active site, is shown in red next tothe “W." A putative 
“active hytkogen bond” i shown as an orange dotted tne; 
‘ther hydrogen bonds are indicated as dark blue lines. (D) 
[A schematic representation of 2 possible tanstion-tate 
‘extrapolated from observed atomic postions in analogy to 
Fig. 4C. Potential hydrogen bonds and other noncovalent 
interactions are shown as thin dotted lines. Bonds that 
form or break are indicated as thicker dotted tines. The 
‘Pyrophosphate leaving group, which is not observed in the 
structure, s designated as OPPi. Because of the observed 


2.9 A separation of 3'-0 and the O1P of A39, which is also coordinated by the Mg™* ion, the potential for an active hydrogen bond involved in nucleophile 
‘generation is indicated. As the bond between the 3-0 and the phosphorus of Gl forms, the (unobserved) pyrophosphate group departs. 
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11 ribozyme catalysis and regioselectivity. 
The ribose of U71 that contains the 3-hydroxyt 
rhucleophile of the ligation reaction participates in 
an extensive hydrogen-bonding network. within 
the catalytic pocket including the A39 phospha 
of stem C, and the 2-hydroxyl of U38 via water 
WIB (Fig. 4C), This network suggests why the LI 
ase is regioselective for formation ofthe biolo 
ily relevant 5 to 3° phosphodiester bond rather 
than a to 2 bond. The 3-oxygen of U71 in the 
ligation product isonfy 2.9 A from the nonbidg 
phosphite oxygen that is coordinated with the 
ligation-site Mg ion, Although clearly within 
hydrogen-bonding distance, the 3“oxyysen cannot 
donate a hydrogen bond to the phosphate oxy sen 
because it has already formed an ester finkage 10 
the GI phosphate. Ifthe postions of these atoms 
are retained in the preigation complex, the O1P 
phosphate of A39 would be ideally positioned! 19 
abstract a proton from the oxygen, thus gen- 
crating the attacking nucleophile, Akhough the 
2ehydroxy! of U7E also resides within potential 
hydrogen-bonding distance to this phosphate oxy 
i unlike the 3“oxygen, has a tightly bound 
wa ccule as a hydrogen-bonding. partner. 
This water molecule, W13, interacts specifically 
hydroxyl of U7, but also with 
yl of U38, the exocyetie amine of 
G2, ane possibly, the exocyelic oxygen of U1 
(Fig, AC), This hydrogen-bonding network may 
the 2-hydroxyl of UTE away from the 
n the event of de- 
ight be resuppliod 
With a proton fiom water WIS, which would 
effectively quench the side reaction (Fig. 4D). 

The in Vitwo-evolved LE RNA ligase ribo 
‘zyme, therefore, appears to fold inte a compact 


structure in which a set of invariant nucleotides 
interact to create a catalytic pocket capable of 
juxtaposing the ligation ends with a bound Mg™ 
jon cofactor. The network of specific structural 
interactions that promote catalysis of phospho- 
diester bond formation, including transition-state 
stabilization interactions and functional group 
positioning for general base catalysis, as well as 
the propensity to fold into a preformed active site 
capable of binding a substrate and a metal ion 
cofactor, are cach reminiscent of what has been 
observed in several natural ribozymes. The LI 
ligase ribozyme thus demonstrates, in principl 
that RNA indeed has the ability to evolve into 
structure capable of catalyzing regiospecific 
Phosphodiester bon! ligation and appears 10 use 
strategies of transition-state stabilization and 
acid-base catalysis similar to those that exist for 
natural ribozymes and protein enzymes. 
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Resonant Amplification of Magnetic 
Domain-Wall Motion by a Train 


of Current Pulses 


Luc Thomas," Masamitsu Hayashi, Xin Jiang, Rai Moriya, Charles Rettne 


The current 


r, Stuart Parkin® 


duced motion of magnetic domain walls confined to nanostructures is of interest for 


applications in magnetaelectronic devices in which the domain wall serves as the logic gate or 
memory element. The injection of spin-polarized current below a threshold value through a 
domain wall confined to a pinning potential results in its precessional motion within the potential 
well. We show that by using a short train of current pulses, whose length and spacing are 

tuned to this precession frequency, the domain wall’s oscillations can be resonantly amplified. This 
makes possible the motion of domain walls with much reduced currents, more than five times 
smaller than in the absence of resonant amplification. 
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means of spin-polarized current passing directly 
through the DW. Currentinduced motion of 
DW has distinctly different characteristics from 


making it particularly useful for memory storage 
applications (5). For metallic nanowires (iypi- 
cally permalloy, Nig Fey), current-driven DW 
motion occurs only at zero or low magnetic ies 
if the current density exceeds a threshold value 
fon the order of 10° Avent. It is not yet clear 
whether this threshold has fundamental eri 
or is related 10 pinning sites in the nanowires 
Nevertheless, such high current denstis are im- 
practical for device applications, and itis envi 
find ways to reduce this threshold value 
Spit-polarized curent injected across a DW 
confined to a pinning potential resuls in damped! 
‘oxillaions of the DW within the potential well 
in which the DW position along the nanowi 
oscillates out of phase with its. moment 
(/4), Mere we show that oscillations in the DW 
position and momentum can be resonantly 
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amplified by using a shomt sequence of cument 
pulses, whose lengths and separations are tuned 
to its oscillation tiequency 

We first introduce a one-timensioml (ID) 
analytical model to describe the resonant depinning 
‘of a DW from a parabolic potential well, Such a 
Well mimics an intrinsic or artificially created 
defect, such as a noteh, in the nanowire, The 1D 
‘mode! was first introduced to describe the field- 
induced dynamics of DWs (6) and has recently 
boen extended to includ spin 
polarized current (1-5), In this model, the DW 
‘dynamics can be described by just two variables: 
the DW position g and the angle by which the 
DW's magnetization is tied out of the plane of 
the nanowire. The deviation of from its equi 
librium value is akin to the DW's momentum (17). 

The temporal evolution of y and 'F for a DW 
excited by de current and by single and several 
‘current pulses, cach of the same amplitude as the 
de current, are compared in Fig. 1A. The current 
density is expressed in terms of the spin torque 
amplitude, which has the dimension of a velocity 
For de cunent (Fig. 1/4, a panels), both g and 
¢ with each other, but with 
lristic frequency. The latter is 
ated to the DW's mass and the slope of the 

potential (/3. 14). The oscillation 
amplitude decreases with time because of Gilbert 
damping, Figure 1A (b panels) shows clearly that 
using short current pulses as compared t0 the 
of the 
oscillations. Amplification oveurs when 
the current is cut off at times clase to ok mul 
tiples of half the prevession period when q is 
se to vere (the DW is near the center of the 
well) and ‘P is large. When the DW is only 
weakly pinned, the amplification of the DW's 
motion induced by a single current pulse may be 
sufficient to depin the DW (/4). However, for 
stronger pinning potentials, addit 
timed current pulses can futher 
DW's motion within the well. This occurs, for 
‘example, when two hall-period long pakses of the 
sane cu ty are injected into the DW 
half-period spacing (Fig. 1A, © 
sation is even langer when suc- 
cessive curent pulses of opposite polarities are 
used (Fig. 1A, d panels), 

The mechanism responsible for the resonant 
amplification of the DW's trajectory can be un- 
derstood by considering its trajectory in position 
‘momentum phase space (Fig. 1B), In the abserice 
‘ofeurrent, the DW isaty = 0,8 =0 (black dot in 
Fig. 1B). With sufficiently long pulses, the DW 
spirals toward a new equilibrium stateat q=Oand 
a nonzero value of YF (negative for positive cur- 
rent), as shown by the red dot in Fig. 1B (see also 
a panels in Fig. 1A). At any given point in time, 
the DW's trajectory is a spiral toward an equi- 
librium point along the y = O axis but with different 
Y values, depending on the current amplitude 
and polarity. For example, when the current is 
suddenly tumed off, the DW circles toward the 
point y = 0,  =0. If this happens when the DW 


dam 


has high momentum (large “), then the initial otherwise have done with a longer current pulse. 
‘sincreased'so that the An even larger increase in the amplitude of the 


cursion than it would DW's orbit results iff the cument direction is, 


DW undersoes a larger 9 
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Fig. 1. (A) Pulse pattems, DW position, and DW tlt angle as a function of time, calculated using 
the 1D model (17). The deviation of the DW's tilt angle from its equilibrium value is proportional 
to the DW's momentum. (B) Trajectory of the DW in position/momentum phase space for 1.5 
bipolar pulses. Dots show the equilibrium positions for zero (black), positive (red), and negative 
(blue) current. (C) Maximal values of the DW displacement along positive and negative directions 
for unipolar (red) and bipolar (blue) patterns of pulses at resonance. 
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Fig. 2. (A) Atomic force microscopy (AFM) image of the permalloy nanowire and its electrical 
contacts. (B) Magnetic force microscopy image of a vortex DW pinned at the notch. Dashed lines 
show the edges of the wires as determined from the corresponding AFM image. (C) Probability of 
depinning a DW from the notch versus applied magnetic field. (D) Examples of pulse patterns: 16 
unipolar pulses (top panel) and 15.5 bipolar pulses (bottom pane). (E to G) DW Pp at a constant 
pulse voltage of 1 V versus magnetic field H and pulse length t,, for a single pulse (E), 16 unipolar 
pulses (F), and 15.5 bipolar pulses (G). 
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reversed rather than switched off, because the 
new equilibrium point is further away at a 
positive value of F (blue dot in Fig. 1B). The 
amplitude of the DW's cieling trajectory ean be 
further inerwased by using a succession of 
properly timed unipolar or bipolar current pulses 
However, because of Gilbert damping, this effect 
saturates after few pulses, for reasonable values 
constant «(for example, = 0.01 
in Fig. 1C). If the resonantly amplified DW 
motion execeds the extent of the pinning 
potential, it follows that the DW will be depinned 
The depinning current can thereby be reduced by 
an onder of magnitude (/7) 

The predictions ofthe mexdcl were tested 
200snm-wide, 40-nm-thick permalloy nanowire 
(Fig, 2A), Experimental details can be found in 
(4, 17), A triangular notch 120 nm wide and 
70 nm dep, fabricated on one side of'the wire, 
acted as. pinning site for the DW. A DW was 
positioned at the notch and was detected by its 
de resistance, Magnetic force mieroscopy showed 
that the DW hala vortex structure (Fig. 2B). The 
strength of the pinning potential can be 
mated from the fields required to depin the DW 
e absence of current. Positive and new 
fields drive the DW away from and across the 
notch, respectively, DWs were depinnned with 
«probability higher than 0.$ when the fick! m 
nitude H exceeded Hy’ = +33 Ov and Hp 

111 Oe (D, depinning), respectively. for positive 
() and negative (-) fields (Fig. 2C), The eurent- 
induoed depinning of the DW fom the notch was 
probed by applying a series of eurrent pulses 
between two contaots to the nanowire (Fig. 2A). 
A static magnetic field was abso used to assist 
DW motion in either direction along the nano- 
Wire. The device resistance was measured before 
an afler the injection of the cument pulses to 
probe whether the DW had. been depinned. This 
sequence was repeated 10 times under each set of 
conditions to determine the probability of de 
pinning the DW, Pp, Two types of current pulse 
pattems were used, hereafter referred 10 as uni- 
polar or bipolar (Fig. 2D, top and bottom panels, 
respectively). Positive voltage comesponds to eur- 
rent flowing fiom right to left in Fig. 2A (J7). 

Maps of Pp are shown in Fig. 2, E to G. for 
pulse amplitude Vy = LV (core 


00-08 


“100-40 


sponding to ~10" A/cm?) as a function of the 
pube length f and magnetic field H applied 
during the pulse. When a single pulse was 
applied (Fig. 2B), the DW only depinned when 
aided by lange magnetic fiekls, and Hp” ~ 48 Oc 
was essentially independent of the pulse length 
fp In contrast, Ho” exhibited slight oscillations 
between -84 Oe and -98 Oc asa function of fy 
This behavior can be explained by the proces- 
sional motion of the DW excited by current (14). 
When the current pulse length matches an odd 
nul of half the precession period, the DW is 
depinncd in slighily smaller fick’. However, 
because the pinning from the notch is quite 
strong. this effect is observed only when the field 
is close w the zro-current depinning fickl. A 
much larger eflect was observed fora train of 16 
unipolar (Fig. 2F) or bipolar (Fig. 2G) pulses. In 
these eases, the depinning fields became 
tremely sensitive to the pule length. Bath 1p” 
and Hp” were strongly reduced for ~ 1.9 ns and 
also, toa Fewer extent, for fy ~ 5.7 ns (IN) 
Figure 3, A to C, shows maps of Pp for series 
of 16 pulses of a fived length of 1.9 ns, cor 
responding to the fit resonance peak of Fig 
F and Gas a function of the pulse amplitude and 
magnetic fcld. In the first case (Fig. 3A), there 
was no spacing between the pulses (the sequct 
e pulse of length 304 ns}, and the 
critical current increased rapidly when the fickd 
was reduced. The data are asymmetric for pos- 
ive and negative fields because of the as 
imetty of the pinning potential profil (/2). By 
contrast, the polarity of the curent plays very 
Tile role in this regime of fiek-asssted cure 
driven depinning. For a sequence of 16 unipolar 
pulses (Fig. 38), the eritical current was strongly 
reduced. The depinning fields were reduced to 
15 Oc for 1.0-V pulses. These depinning 
fields were essentially unchanged for higher 
pulse amplitudes, though they increased 
ly atthe highest amplitudes. Fora sequence of 16 
bipolar pulses (Fig. 3C), the critical eumrent 
reduction was even more pronounced. Depinningg 
fickls were reduced 10 =10 Oe for 0.-V pulses. 
This represents a reduction of the critical curent 
wor of more than $ as compared 10 the 
pulse amplitudes much lager 
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Fig. 3. DW Pp at constant pulse length versus magnetic field H and pulse amplitude V, for 
different pulse patterns: (A) a single pulse 30.4 ns long; (B) 16 unipolar pulses, each 1.9 ns long 
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ig. 2F); and (C) 15.5 bipolar pulses, each 1.9 ns long (Fig. 2G). 
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than 0.5 V, We suggest that this is related to the 
tails of the pinning potential well from the notch, 
‘which may extend over long distances, most 
likely due to the clasticity of the DW profile, 
‘which is not included in the 1D model discussed 
above, Thus, in the absence of field, the DW 
probably remains trapped at the end of the 
sequence of current pulses, even though the 
DAW may have moved a long distance. Such a 
behavior is well reproduced with the 1D model 
‘when, for example, a Lorentzian shaped potential 
well is used. Tailoring the pinning potential 
profile by changing the notch shape and depth 
6 by stiffening the magnetic material ina 
for resonant DW depinning in zero 

Finally, we explored the coherence time of the 
induced DW resonant motion by using 

of two unipolar or bipolar pulses. The 
pulse length was varied from 04 0 34 ns, 
comesponding 10 the first resonance peak in 
Fig. 2, F and G, and the interval between the 
comer of the two pulses 4 Was increased from 0 
to4S ns (ic. = 0 when the nwo pulses overlap 
‘one another). In this pump-probe experims 
the first pulse excites the precessional motion 


of the DW, Depending on the phase and 
amplitude of the DW precession at the time of 
the second probe pulse, the DW may or may 


not be depinnied, Results ane shown in Fig. 4 for 
constant pulse amplitude Vy 1.3 Vand a constant 
field H™ -69 Oc. Oscillations in Py ly 
‘observed as function ofthe time interval between 
the two pulses, which persist for times as lon 


ro) 


2 
thers) 


yes) 


Fig. 4. DW Pp at constant magnetic field H = 
~69 Oe and pulse amplitude Vp = 1.3 V for a 
sequence of two pulses versus pulse length ty and 
interval between the two pulses t, for (A) bipolar 
pulses and (B) unipolar pulses. Pulse profiles are 
shown in the top two panels, 
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40 ns. As A is progressively increased, Gilbert 
damping causes the amplitude of the oscillations 
to deerease, so that depinning is observed only in 
an inereasingly namower range off and fp. 

In good agreement with the 1D model, the 
probability of DW depinning on f occurs outof 
phase for unipolar and bipolar pulses. For uni: 
polar pulses, the second pulse leads to DW 
depinning when the interval isa multiple of the 
precession period, whereas for bipolar pulses, 
depinning is observed for odd multiples of half 
the precession period. 

By using the concept of resonant amplifi- 
cation, DWs can be excited and moved with 
much reduced power, and, moreover, by tailoring 
pinning potentials, individual DWs in neighbor- 
ing sites can be addressed. These results thus 
iltate magnetoclectronic memory and logic 


devices with functionalities that are not possible 
with charge-based devices. 
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Critical Behavior of a Trapped 
Interacting Bose Gas 


T. Donner,’ S. Ritter,” T. Bourdel,* A. Ottl,* M. KGhl,* T. Esslinger* 


‘The phase transition of Bose-Einstein condensation was studied in the critical regime, where 
fluctuations extend far beyond the length scale of thermal de Broglie waves, We used matter-wave 
interference to measure the correlation length of these critical fluctuations as a function of 
temperature. Observations of the diverging behavior of the correlation length above the critical 
temperature enabled us to determine the critical exponent of the correlation length for a trapped, 
weakly interacting Bose gas to be v = 0.67 + 0.13. This measurement has direct implications for 
the understanding of second-order phase transitions. 


ase transitions are among the most 
Prise its As 

phase transition, minute variations in 
the conditions controlling a system can trig~ 
ger a fundamental change of its properties 
For example, lowering the temperature below 
‘a critical value creates a finite magnetization 
‘of ferromagnetic materials or, similarly, al- 
lows for the generation of superfluid cur- 
rents, Generally, @ transition takes place 
between a disordered phase and a phase ex- 
hibiting off-diagonal long-range order, which 
is the magnetization or the superfluid den- 
sity in the above cases. Near a second-order 
phase transition point, the fluctuations of the 
‘order parameter are so dominant that they 
completely govern the behavior of the system 
‘on all Kength scales (/). tn fact, the large-scale 
Auctuations in the vicinity of a transition 
already indicate the onset of the phase on the 
‘other side of the transition. 
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Near a second-order phase transition, 
macroscopic quantities show a universal 
scaling behavior that is characterized by 
critical exponents (/) that depend only on 
general properties of the system, such as its 
imensionality, symmetry of the order pa- 
rameter, oF range of interaction. According! 
phase transitions are classi 
universality classes. Bose-Eins 


in conde 


Fig. 1. Schematics of the 
correlation function and the 
correlation length close to 
‘the phase transition temper 
ature of Bose-Einstein conden- 
sation. Above the critical 
temperature T, the condersate 
{ration is 210, and for >> Te 
the correlation function decays 
approximately as 3 Gaussian 
fon a length scale set by the 
thermal de Brogtie wavelength 


jo in terms of 


sation in three dimensions, for example, isin the 
sume university clas as a three-dimensional 
XY model for magnets, Moreover, the ph 
fof quantum phase transitions occurring. at zero 
emperature can often be mapped onto ther- 
‘mally driven phase transitions in higher spatial 
dimensions. 

The phase transition scenario of Bose- 
Einstein condensation in a weakly interact- 
ing atomic gas is unique, as it is free of 
impurities and the two-body interactions are 
precisely known, As the gas condenses, 
trapped bosonic atoms of a macroscopic 
number accumulate in a single quantum state 
and can be described by the condensate wave 
function, the order parameter of the tran- 
sition, However, it has proven to be exper 
imentally difficult to access the physics of 
the phase transition itself: In particular, the 
critical regime has escaped observation be~ 
cause it requires an extremely close and 
controlled approach to the critical tem 
perature. Meanwhile, advanced theoretical 
methods have increased our unde 
of the critical regime in a gas 0 ) 
interacting bosons (2-5). Yet a theoretical 


start to govern the system and the correlation length & increases markedly. Exactly at the critical 
temperature, < diverges and the correlation function decays algebraically for r > Aga (Eq. 1). 
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description of the experimental situation, a 
Bose gas in a harmonic trap, has remained 
elusive. 

We report on a measurement of the 
correlation length of a trapped Bose gas 
Within the eritical regime just above the tran- 
sition temperature. The visibility of a matter- 
wave interference pattern gave us direct 
access to the first-order correlation function 
Exploiting our experimental temperature res- 
olution of 0.3 nK (0,002 times the critical 
temperature), we observed the divergence of 
the correlation length and determined its 
ctitical exponent v. This direct measurement 
of v through the single-particle de 
matrix complements the measurements. o| 
other critical exponents in liquid He (6-8), 
which is believed to be in the same univer- 
sality class as the weakly interacting Bose 
as, 

In.a Bose gas, the physics of fluctuations 
of the order parameter is governed by 
different length seales. Far above the phase 
transition temperature, classical thermal fluc~ 
tuations dominate. Their characteristic length 
scale is determined by the thermal de Broglie 
wavelength Agu. and the correlation fine 


Fig. 2. Spatial correlation function 
‘of a trapped Bose gas close to the 
critical temperature. Shown is the 
Visibility of a matter-wave interfer- 
‘ence pattern originating from two 
regions separated by rin an atomic 
cloud just above the transition 
temperature. The gray line is a 
Gaussian. with a width given by 
‘aga, which changes only marginally 
for the temperature range consid 
‘ered here. The experimental data 
show phase correlations extending 
far beyond the scale set by fg. The 
solid line is a fit proportional to 
(Ui) expt) for r > fag. Each 
data point is the mean of 12 mea- 
‘surements on average; error bars are +50. 


Fig. 3. Divergence of the correla- 
tion length & as a function of 
temperature. The red line isa fit 
‘of Eq. 2 to the data, with v and Te 
as free parameters. Plotted is one 
data set for a specific temporal 
offset fo. The error bars are +SD, 
according to fits to Eq, 1. They also 
reflect the scattering between dif- 
ferent data sets. Inset: Double 
logarithmic plot of the same data. 
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tion can_be approximated by (Y"(H(0)) 
exp(-7"/ga). where r is the separation of 
the two probed locations (9) (Fig. 1). Non- 
trivial Muctuations of the order parameter 
close to the critical temperature become visible 
when their length seale becomes anger than 
the thermal de Broglie wavelength. The 
density matrix of a homogeneous Bose gas 
for r > hay can be expressed by the correlation 
function 


renon Leet) 
(10, 11), where & denotes the correlation 
length of the order parameter, The correlation 
length & is a function of absolute temperature 
T and diverges as the system approaches the 
phase transition (Fig. 1). This results in the 
algebraic decay of the correlation function 
with distance (Y"(r)%(0)) & Lr at the phase 
transition. The theory of eritical phenomena 
predicts a divergence of § acconding to a 
power law, 


(7 ~ Te)/Te 


# 1.004 T, 
+ 10197, 
+ 1.0587, 
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where v is the critical exponent of the cor- 
relation length and Ze is the critical temper- 
ature. The value of the critical exponent 
depends only on the universality class of the 
system, 

Although for noninteracting systems the 
critical exponents can be calculated exactly 
(Z, 12), the presence of interactions adds 
richness to the physics of the system, De- 
termining the value of the eritical exponent 
through Landau's theory of phase transitions 
results in a value of v = % for the ho- 
‘mogencous system. This value is the result of 
both a classical theory and a mean-field ap- 
proximation to quantum systems. However, 
calculations by Onsager (13) and the more 
recent techniques of the renormalization 
group method (/) showed that mean-field 
theory fails 10 describe the physics at a 
phase transition. Very close 10 the critical 
temperature-—in the critical regime~the 
fluctuations become strongly correlated and 
& perturbative or mean-field treatment be- 
comes impossible, making this regime very 
challenging. 

Consider a weakly interacting Bose gas 
with density 1 and the interaction strength 
parameterized by the s-wave seattering length 
a= 5.3 nm in the dilute limit n'a << 1, In 
the critical regime, meansfield theory fails 
cause the fluctuations of WF become more 
dominant than its mean value. This can be 
determined by the Ginzburg criterion § 
Ayitv 128r2a) = 0.4 jm (74, 15), Similarly, 
these enhanced fluctuations are responsi- 
bbe for a nontrivial shift of the critical tem- 
perature of Bose-l condensation 
(2-4, 16). The critical regime of a weakly 
interacting Bose gas offers an intriguing pos 
sibility t0 study physics beyond the usual 
mean-field approximation (/7), which until 
now has been observed in cold atomic gases 
only in reduced dimensionality (/8-2/). 

In our experiment, we let two atomic 
beams, which originate from two different 
locations spaced by a distance 1 inside the 
trapped atom cloud, interfere. From the visi 
bility of the interference pattem, the first-order 
correlation function (22) of the Bose gas above 
the critical temperature and the comelation 
Jength & can be determined, 

‘We prepared a sample of 4» 10° "Rb 
atoms in the F = 1, me = 1) hyperfine 
ground state in a magnetic trap (23), The 
trapping frequencies were (0. 0.) = 2k * 
39, 7, 29) Hz, where 2 denotes the vertical 
axis. Evaporatively cooled to just below the 
critical temperature, the sample reached 
density of n= 2.3 * 10" cm, giving an 
elastic collision rate of 90s. The tem- 
perature was controlled by holding the atoms 
in the trap for a defined period of time, 
during which energy was transferred to the 
atoms as a result of resonant stray light, 


fluctuations of the trap potential, or background 
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_zas collisions. From absorption images, we de- 
‘temnined the heating rate to be 4.4 © 0.8 aK 5". 
Using this technique, we covered a range of 
temperatures fom 0.001 < (T~ TeyTe < 007 
over a time seale of secon, 

For output coupling of the atoms, we 
used microwave frequency fields to spin-flip 
the atoms into the magnetically untrapped 
state F = 2, mp ~ 0), The resonance con- 
dition for this transition is given by the local 
magnetic field, and the released atoms prop- 
agate downward because of gravity. The 
regions of output coupling are chosen sym- 
metrically with respect to the center of the 
trapped cloud and can be approximated by 
horizontal planes spaced by a distance 
(22); the two released atomie beams interfere 
with cach other. For the, measurement, we 
typically extracted 4 = 108 atoms over a time 
seale of 0.5 s, which is about 1% of the 
trapped sample, We detected the interference 
pattern in time at single-atom resolution with 
the use ofa high-finesse optical eavity placed 
36 mm below the center of the magnetic trap. 
‘An atom entering the cavity mode decreases 
the transmission of a probe beam resonant with 
the cavity, The geometry of our apparatus is 
such that only atoms with & transverse mo- 
mentum (py, Py) = 0 are detected, resulting in 
an overall detect ‘of 1a for every 
‘atom output coupled from the cloud, From the 
arrival times of the atoms, we determined the 
Visibility (0) of the interference pattern (24), 
From repeated measurements with different 
pairs of microwave frequencies, we measured 
Vir) with ¢ ranging from 0 to 4 hyy (where 
‘ao. = 0.5 pm) 

With the given heat rate, a segmentation 
of the acquired visibility data into time bins 
of Af = 72 ms allowed for a temperature 
resolution of 0.3 nk, which corresponds to 
(0,002 7. The time bin length was chosen to 
optimize between shot noise-limited deter- 
mination of the visibility from the finite 
number of atom arrivals and sufficiently 
200d temperature resolution. For the anal- 
ysis, we chose time bins overlapping by 
509 

Figure 2 shows the measured visibility as 
4 function of slit separation r very close to 
the eritical temperature Tz. The visibility de 
cays ona much longer length scale than 
predicted by the thermal de Broglie wave- 
Jength Aap. We fit the long distance tail r > 
‘ay With Eq. 1 (solid fine) and determined 
the correlation length &. The strong temper- 
ature dependence of the correlation function 
s directly visible. As T approaches T., the 
visibility curves become more long-ranged. 
and similarly the correlation length increases. 
‘The observation of long-range cometations 
shows how the size of the correlated regions 
strongly inereases as the temperature is varied 
‘only minimally in the vicinity of the phase 
transition, 


Figure 3 shows how the measured cor- 
relation length = diverges as the system 
approaches the critical temperature. General- 
ly, an algebraic divergence of the correlation 
length is predicted. We fit our data with the 
power law according to Eq. 2, leaving the 
value of 7. as a free fit parameter, which has 
a typical relative error of S * 10. Therefore, 
‘our analysis is independent of an exact cal- 
ibration of both temperature and heating 
provided that the heating rate is con- 
stant, The resulting value for the eritical e 
ponent is v = 0.67 = 0.13. The value of the 
sxponent is averaged over 30 tempo- 
Beets O < fo < AV of the analyzing time 
bin window, and the err is the reduced 
error, Systematic errors on the value of v 
could be introduced by the detector response 
function, We found the visibiity for a pure 
Bose-Einstein condensate to be 100% with a 
ical error of 2% over the range of r 
investigated, This uncertainty of the visibility 
Would amount to a systematic error of the 
critical exponent of 0.01 and is neglected as 
compared 10 the statistical error, The weak 
singularity of the heat capacity near the i- 
transition (J) results in an error of v of fess 
than 0.01 

nite size effects are expected when the 
correlation Jength is large (25, 26), and th 
may lead to a slight underestimation of v 
for our conditions. Moreover, the harmo 
ic confining potential introduces a spatial 
ly varying density. The phase transition 
takes place at the center of the trap, and 
nonperturbative Muctuations are thus ©x- 
pected within a finite radius R (5). Usin 
the Ginzburg criterion as given in (/4), we 
find R= 10 jim, whereas the root-mean- 
square size of the thermal cloud is $8 jm. 
The longest distance we probed in our ex- 
periment is 2 jim, which is well below this 
radius R. 

To date, in interacting systems the critical 
exponent ¥ has been determined for the 
homogencous system. The Z-transition in 
liquid He is among the most accurately i 
vestigated systems at criticality. One expects 
to observe the same critical exponents even 
though the density differs by 10 orders of 
magnitude. In the measurements with liquid 
He, the critical exponent of the specific heat 
ac has been measured in a spacebome ex- 
periment (8), Through the scaling relation 
«c= 2 ~ 3y, the value of the critical exponent 
v = 0.67 is inferred, in agreement with 
theoretical predictions (27, 28). Altemative- 
ly, the exponent 1.67 (which is related to 
the superfluid density p, = "Y7 instead of 
the onder parameter ¥) can be measured 
directly in second-sound experiments in fi 
uid He (6, 7). Although it is believed that v= 
(29), a measurement of v directly through 
the density matrix has so far been impossible 
with He. Further, this unique access to spa- 


tial correlations opens up new possibilities 
to study phase transitions using quantum gases 
of variable dimensionality or with tunable 
imeractions. 
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Rapid Changes in Ice Discharge from 
Greenland Outlet Glaciers 


lan M. Howat,** lan Joughin,* Ted A. Scambos” 


Using satelite-derived surface elevation and velocity data, we found major short-term variations in 


recent ice 


harge and mass loss at two of Greenland’s largest outlet glaciers. Their combined 


rate of mass loss doubled in less than a year in 2004 and then decreased in 2006 to near the 
previous rates, likely as a result of fast re-equilibration of calving-front geometry after retreat. 
Total mass loss is a fraction of concurrent gravity-derived estimates, pointing to an alternative 
source of loss and the need for high-resolution observations of outlet dynamics and glacier 


‘geometry for sea-level rise predictions. 


the recent, marked increase in ie dis- 
| change from many of Greenland’s large 
outlet ghieiers has upended the con- 
‘ventional view that variations in ice-sheet mass 
balance are dominated on short time seals by 
we balance, rather than ice 
ning inthe late 1990s and con- 
tinuing through the past several years, the ice 
flow speed of many tidewater outlet glackers 
south of 72° North increased by up 10 100%, 
increasing the ice sheet’s contribution to sca- 
level rise by more than 0,25 mnvyear (/). The 
synchronous and multiegional seale of this 
change and the recent inerease in Aretie air and 
‘ocean temperatures sugyest that these changes 
are linked to climate warming. The possibilty 
that ice dynamics are so highly sensitive to cli 
mate change és of eancern, because the physical 
processes that would drive such a relationship 
are poorly understood and are not realistically 
included in ive-sheot maxlely used to predict 
rates of sea-level rise 
Current estimates of change in Greenland’s 
ice discharge are based on velocity mi 
surements taken 4 t0 S years apart (2). How= 
ever, 50 1 100% increases in ice speed and 
thinning oft 


(2-6), Therefor, discharge 
iable as well, even at suba 


houkd be highly var- 
time seales. 
atlacier speed have 
ed flow resistance and 
flow stresses during retreat of 
the ice front (2, 3, 7). This suggests that changes 
in velocity and discharge are coupled to changes 
in tidewater glacier geometry and that the ob- 
served rapid changes may be a transient re- 
sponse to disequilibrium at the front. Therefore, 
‘accurate estimates of current rates of discharge 
and the potential for near-future change require 
observations of outlet glacier geomet 
speed at high temporal resolution, 
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To assess short-term variability in outlet 
sheier dynamics, we examinad speed, geometry, 
and discharge at wo of Greenland’ three kagest 
‘outlet glaciers between 2000 and 2006, Located 
‘on the central east coast, Kangerdlugssuag (KL) 
and Helheim (IIH) represent 35% of cast 
Greenland’ total discharge (1). The calving 
fronts of both glaciers appeared relatively stable 
from the mid-20th century (8, 9) until 2002, 
when HH retreated more than 7 km in 3 years 
2). This was followed by a S-kmn retreat of KL 
ng the winter of 2004 to 2008 (4), These 
are much greater than the 1- to 2 

onal fluctuations previously observed (4, 5) 
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and followed a sustained period of low-elevation 
ice thinning (8, 10). Retreats were concurrent 
‘with accelerated ice low (I, 2), This accelera- 
tion inereasad rates of mass loss by 28 and 1S 
Gvyear at KL and HHL respectively, between 
2000 and 200, representing >40% of the ic 
shoet’s imerease in mass loss (/). 

‘We measured summer surface speed andl 
vation for these glaciers using imag. 
by the Advanced Spaceborne Thermal 
and Reflection radiometer (ASTER) sensor 
aboard the Terra satellite, launched in 1999, 
We constructed Photogrammetric Digital Eleva- 
tion Models (DEMs) fiom ASTER stercobands 
GN and 3B) and validated them (Figs. 1D and 
2D) using laser altimetry data sets collected by 
NASA‘S Airborne Topographic Mapper (ATM) 
in 2001, 2003, and 2005 (/0), The oot-mean- 
squared differences between DEM and. ATM 
clevations are 10m, which is similar to the un= 
certainty quoted in ASTER DEM validation 
studies (7) (Figs. 1D and 2D). Summer surf 
‘was obtained from automated feature 
between repeat, orthoreetified principal 
nponent images of hands 1 t0 3 (2, 12). Une 
these measuren m per 
image pair, or 0.1 to 8 méday for the data 
presented here. We determined winter velocities 
(63% uncertaimy) using radar speckle tricking 
between Canadian Space Agency Radar Satellite 


is is 


Fig. 1. KL glacier. (A) Surface elevation (,) from (solid) ASTER DEMs and (dashed) Airborne ATM laser 
altimetry and bed elevation (2) from CoRDS. (B) Surface velocity obtained from (solid) optical feature 
tracking and (dashed) radar speckle tracking along the main flow line, denoted by white dashes in (D). 
‘Arrows point to location of flux gate used for discharge calculation. (C) Elevation change along the same 
profile. Dashed segments are changes due to movement of the ice front. (D) Maps of elevation change 
{from differenced ASTER DEMs overtaid on the 21 June 2005 image. Circles show repeat ATM altimetry 
measurements for the same time period and x marks flux-gate location. Error bars in (B) and (C) show 


means + SD. 
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(RADARSAT) image pairs (24-day separation) 
(13). In some cases, combinations of multiple 
elevation and speed data sets from the same 
season improved spatial coverage and reduced 
‘eons, The University of Kansas Coherent Radar 
Depth Sounder (CoRDS) surveyed ice thickness 
‘and bed elevation at both glaciers im 2001 (4), 

From summer 2004 to spring 2008, KL re- 
treated by S km (4), and its spead increased by 
0 near the front and by ~20% at 30 km inland 
(Fig. 1). Between April and July 2008, the in- 
cerease in speed migrated rapidly inland with a 
~S% decrease in speed close to the front and 3 
~7% inerease in speed in areas farther inland (up- 
zhicier), This upstream propagation continued 
from July 2005 through July 2006, with the near- 
front deceleration of ~15% and up-glacier 
acceleration of 25%, with the transition between 
speedup and slowdown at ~15 km, The glacier 
thinned rapidly during acceleration, with 80m 
‘of thinning near the front and! thinning of at feast 
40 m extending 40 km inland by summer 2005, 
‘Thinning moved inland between 2005 and 2006, 
\witha peak thinning of 68 m at about 26 km, but 
with vitally no thinning at the front. Average 
thinning over the glacier during the summer of 
2006 declined to near zero, with some apparent 
thickening in areas on the main trunk, 

Images from June 2003 are the first to in 
dicate substantial retreat (2.1 km) at HHL. During 
axonal retreat over that summer, speedup of 
20 to 40% extended at least 20 km up-glacier 
(Fig. 2). The ee front and speed changed litte in 
2004, but 4 km of new reteat yielded another 
major speedup (25%) in the summer of 2008, 
Many of the earlier data do not extend far inland, 
but echoing the pattem on KL, speeds from 
2006 show a progressive inland aeceleration 
‘accompanied by deceleration (25%) extending 
fiom about 15 kim toward the ice front. As with 
KL. rapid thinning accompanied the large speed 
increases. By late summer 2006, strain rates 
indicate a region of compression at about 12 to 
15 km. The initial HHT acceleration in 2003 
produced 40 m of thinning within about 15 km 
‘ofthe ee front. This thinning stowed to 10 m year 
when there was lite retreat from 2003 to 2004, 
The 4-km retreat from 2004 to 200 moved the 
ice front over a 200-m bathymetric depression, 
bringing it to or near flotation. Between the 
summers of 2005 and 2006, the rate of thin 
hing decreased within 20 km of the front, wach- 
ing zero at the front and increasing to SO myear 
25 km from the front, During this period, the 
hicier advanced 4 km as a Moating oF near 
Mating tongue to near the 2003-2004 front 
Position. It appears that the front of this floating 
tongue may have regrounded in summer 2006, 
contributing 10 the deceleration and the region of 
compression. 

On both KL and HH, the data show a mark- 
edly similar progression of increasing down- 
stlocier speed and thinning synchronous with 
rotteat, followed by an inland migration of the 
speed increase. As the front restabilized, speed 


and thinning increased up-glacier and decreased 
down-glacier. This progression of dynamic re- 
sponse strongly suggests that the notable in- 
creases in acceleration and thinning are related 
to changes in calving-front position through var- 
ations in longitudinal stresses (2). Consistent 
with standard theories of tidewater glacier dy- 
namics (15), rapid retreat at HH occurred as the 
front moved into decper water and stopped 
where the bed slope reversed (Fig. 2). At both 
«glaciers, the initial acceleration and thinning af- 
ter retreat were concentrated within 10 10 20 km 
Of the ice front, which would be the expecta 
range of stress coupling (/6). Relative thinning 
down-glacier increases the surface slope and 
driving stress up-glacier. By thismeans, thinning 
and acceleration are advected up-glacier (17). 


This can be seen at KL, where the maximum 
thinning sates moved ~10 km up-glacier be- 
‘nycen 2005 and 2006 (Fig. 1). This propagation 
rate is equal to about five times the distance 
integrated 2005 ice speed, which is the approx 
imate rate of advection of a kinematic wave 
traveling through ice (/8), 

We estimated discharge anomalies relative 
to the year 2000, when the glaciers were near 
balance, taki 
speed and thickness (Fi 
jr discharge estimates from 2000 402008 agree 
closely with mass-budget estimates (7). At KL, 
oughly 80% of the total increase in discharge 
‘occurred in ess than 1 year in 2005, followed by 
ar (Fig. 3) ALU, dis 


Fig. 2. (A to D) Same as Fig. 1 for HH, except (0) uses a 29 August 2005 image background, 


Fig. 3. Discharge anomaly from 
year 2000. Circles with error bars 
are calculated from speed and 
thickness change across flux gates, 
‘shown in Figs, 1 and 2 with initial 
‘ce thickness obtained by dividing 
the year 2000 flux by the product 
of glacier width and 2000 speed 
(2). Uncertainties are the combi 
nations of errors in ice elevation 
and speed. Triangles are the dis- 
charge anomaly with ice thickness 
held constant. Diamonds are the 
2000 to 2005 discharge-change 
values from mass budget (1). Rect- 
angles are KL mass-loss estimates 
from differencing repeat on-ice 


ASTER DEMs over the area shown in Fig. 1D. Spatial DEM coverage for HH is incomplete, preventing 
imass-loss calculations. The horizontal ranges in these estimates are the image acquisition dates, and the 


vertical range is the uncertainty. 
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2003 and by another 7 Gt/year between 2004 
sand 2005. Itthen dropped by more than 13 Git 
in 2006, returning to near its 2000 value. 
Integrating the time series of dischange anom- 
aly from 2000 to 2006 gives totals of 52 Gt at 
K Land 30 Gt ofexcess discharge at HH (Fig. 3). 
Extensive DEM coverage of KL allows for a 
direct estimate of volume change over the lower 


agrees well with the KL discharge anomaly. 
When the existing imbalances from 2000 ane 


factored in, the combined net loss of ice from 
22000 to 2006 is 90 Git, with 63 Git ofthis loss in 
the interval from summer 2004 to summaner 2006, 
‘The sharp increase in mass loss through these 
sticiers between 2004 and 2005 (32 Git) can 
‘explain about 30% of the mass loss indicated by 
Gravity Recovery and Climate Experiment 
(GRACE) gravity. observations for southeast 
Greenland (19) 

Other GRACE observations suggest a 450 Gt 
ice loss from south Greenland between May 2004 
ane April 2006 thatthe authors mostly atrbute to 
increased discharge from HH and KL (20) 
Although the timing of the increased loss agrees 
\ell with the KL and HH acceleration, our results 
suggest that the combined loss from these glaciers 
‘over this period can only account for 13% of this 
loss, Absent an extensive but unobserved accel- 
ration elsewhere, measurements for other south 
Greenland glaciers suggest a loss inerease from 
2000 1 2005 of roughly 23 Guyear (). This 
suxgests that despite lange dynamic changes, 
much of the loss between 2004 and 2006 
estimated from GRACE may be related to surface 
balance anomalies or other causes 

(Our results inslicate that lange Variations in 
‘outlet glacier discharge can produce lange is 
charge anomalies in a span of a few yeas 
Although the initial triggering for the recent 


changes is unclear, it is well known that very 
small perturbations to thickness can induce re- 
‘neat in calving glaciers (75), In the cases we 
amined, large imbalances appear to have caused 
rapid adjustments in the glacier geometry 
Jeading to a quick (-2-year) retum W near ba 
tance, though some degree of moderate thinning 
may persist. The surface drawdown of 100 m or 
more at low elevations within the outlets may 
have substantial effects on summertime surface 
melt rates, potentially predisposing them to 
further ice thinning and retreat. However, predic- 
tion of near-future change will require detailed 
data on bed elevation and ice thickness. This is 
not yet available for most of the outlet glaciers 
Dynamic re-equilibration after perturbation 
in geometry may not ahways be as rapid as ob- 
served here. For example, Jakobshavn Isbrac has 
maintained high speeds for several years alter 
retreat an acceleration (fig. $1) (3). In this ease, 
retreat from the fjord increased inflow from the 
sides, potentially resulting in lower thinning 
(1S myear) (5. 10). Likewise, many 
ers along Groenland’s northwest coast have 
0 the ice sheet with sustained 
thinning at rates of a few meters per year but 
show no apparent change in speed (7), This 
suggests that geometry and other characteristics 
unique each glacier may determine the tn 
¢ over which dischanse anomalies 0c 
‘The highly variable dynamics of outlet gla- 
cers suggest that special care must be taken in 
how mass-balance estimates are evaluated, par- 
ticularly when extrapolating into the future, 
‘because short-term spikes could yield erroncous 
Jong-term tends. Rather than yiekling a well: 
defined trend, our results are notable in that they 
show that Greenland mass balance ean fluctuate 
rapidly. [these changes are the result of recent 
Wann summers (2/), continued warming may 
cause a long-term drawdown of the ice sheet 
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through a series of such discharge anomalies, 
Pthaps with a similar degree of variability, There- 
fore, accurate estimates of ice-sheet mass balance 
will require subannual observations of outlet 
elacier dynamics to avoid aliasing this rapidly 
varying signal, 
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Conformationally Controlled 
Chemistry: Excited-State Dynamics 
Dictate Ground-State Reaction 


Myung Hwa Kim, Lei Shen,? Hongli Tao,? Todd }. Martinez,?* Arthur G. Suits*?* 


ton imaging reveals distinct photodissociation dynamics for propanal cations initially 


repared in 


either the cis or gauche conformation, even though these isomers differ only stightly in eneray 
and face a small interconversion barrier. The product kinetic energy distributions for the hydrogen 
atom elimination channels are bimodal, and the two peaks are readily assigned to propanoyl 
cation or hydroxyallyl cation coproducts. Ab initio multiple spawning dynamical calculations 
suggest that distinct ultrafast dynamics in the excited state deposit each conformer in isolated 
regions of the ground-state potential energy surface, and, from these distinct regions, conformer 
interconversion does not effectively compete with dissociation. 


om stereoselective synthesis to protein 
Fie conformational dynamics lie at 


the heart of chemistry (/). Molecular 
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conformers typically interconyert via hindered 
rotations about single bonds, and the low en- 
ergy barriers to these processes lead 10 equi 


‘bration even at low temperatures, Recent 
ellorts to explore the detailed conformational 
energy landscapes of molecules have relied on 
stimulated emission pumping in jet-cooled 
beams, exciting then rerapping molecules in 
different local minima to probe the intercon 
version barriers (2, 2), Single-molecule methods 
have alo boon used to investigate conforma 
tional heterogeneity: Otherwise identical moke- 
cules exhibit vastly different rates in key steps 
of exizymatic processes (4, 5), Conformational 
selectivity has been suggested as a means of 
achieving laser control of chemical outcomes 
(6), However, the low barriers for intercon- 
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version relative to the energy of photoexcitation 
‘or chemical transformation make this a daunting 
challenge. 

Despite these considerations, limited evi- 
rT Jective dynamics has 
been seen, Park and co-workers reported distinct 
time-oF flight profiles in dissociation of specific 
iodopropane ion conformers prepared by mass- 
analyzed threshold ionization (7). They ascribed 
this result to the formation of distinct product 
isomers via direct dissociation fiom repulsive 
‘excited states. In another study, the product dis 
tribution observed upon photodissociation of 
ceis- or trans-formic acid nan argon matrix, 
depended markedly on the initial conformation 
(8). Theoretical calculations were unable to re 
produce this effect in the ground state, so 
excited-state processes or matrix. interactions 
\were suggested as the likely source of the con- 
formational specificity (9). A recent theoretical 
study has predicted distinct photoionization 
dynamics for different glycine conformers, but 
hho experiments have yet been reported to con- 
n this prediction (/. 
we show strongly conformati 
specific product distributions in photodissecia- 
tion of propanal cation, and these experimental 
results are interpreted with the aid of ab in 


eof conformatio 


rmukiple spawning (AIMS) calculations of the 
ate dynamics. The calcul 


energy. surf 


b 


‘¢ (PES) responsible for this 


Propanal exists in two different contorma- 
tions: a cfs form with a planar CCCO backbone 
and a gauche form with the carbonyl rotated out 
fof the pline, For the neutral molecule, the 
gauche form fies 270 t0 400 em" higher in 
energy than the cis form, and the cisto-gauche 
inerconversion barter is 800 em’? (17). The 
molecular structures of the cation conformers 
are quite similar 10 those of the neutral mol 
ecules, but the gauche form is slightly lower in 
‘energy and the bawrier separating it from the cis 
form is 344 env (72), In the experiments 
reported here, we spectroscopieally seketal one 
of the 1 w beam, 
fonized it, and then subjected the result 
to photodissociation, fon images (/3, 14) n= 
for the photodissociation event for a particular 
‘conformer. 

The experiments were performed i 
Aectron multimass imaging. apparatus « 
in the finear mode, with the use of de slice 
imaging (/5, 16). A molecular beam of propanal 
soeded in helium was crossed by an ultravio 
(-370 nm) laser beam tuned 10 a two-photon 
resonance of eis- oF gauche-propanal via the 3s 
tion by a tied photon 


conformers in a molecu 


(©98%) and the same vibrational level 80%) 
as the initially prepaned Rydberg state (/2). The 
cconformationally and vibrationally selected ions 
then absorbed a fourth photon, which resulted 
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in dissociation. Although several distinct 
product channels exist, we focus on the ea 
tion C30" — C30" © H, the H atom elimi 
nation process. The CsH40" product ions. were 
accelerated under de slice imaging conditions 
onto a 120mm microchannel plate detector 
coupled to a phosphor screen, which is Viewed 
by a video camera, Product images were inte- 

rated over ~200,000 laser shots. The product 
ational energy distributions were obtained 
from the images by means of a finite slice image 
reconstruction program (/8), 


PAE) at) 


peatoras Energy WV) 


Product images of C3Hs0" (Fig. 1), obtained 
by dissociation of propanal cation, are shown in 
onder of increasing excitation energy. In 
were acquired for dissoc 
cation in the vibrationless level 
e quantum of the vj. vibr 
citation (CCCO backbone deformation) (Fig. 
1B), for the vibrationless level of the gauche 
form of the cation (Fig. 1C), and for the eis form 
with two quanta of vj mode excitation (Fig. 1D). 
varied ~0.05 eV 
<color experiments, All images 


across these on 


3 


2 


~~ y 


gaucho: CH,CH,CHO" 


Fig. 1. (Ato D) Sliced ion images of the CsHs0° product of propanal cation photodissociation, starting 
from the indicated conformer and vibrational level. (E) Total translational energy distributions from the 
images in A) to (D) for the cs origin (redline) and gauche origin (blackline). PE) isthe probability of 
4 given translational energy (Ey) (arbitrary unis). (F) Equilibrium structures for the propanal cation 


conformers. 


Ey) 


cme sc0+4 
23 
Tydroxyally| ~07 
07 ae ana r 
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aa 
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Fig. 2. Energy-level diagram for key isomers and products of propanal cation dissociation relative to the 
‘ation ground state (20, 22). The excitation energy is shown as a dashed line. The difference in energy 
between the two conformers is too small to show on this diagram. E, eneray. 
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show two rings; however, the outer ring is very 
\weak for dissociation of the cis conformers and 
relatively intense for the gauche conformer. The 
translational energy distributions are shown in 
Fig. IE for the vibrationless case for both the 
ccis and the gauehe conformers, obtained from the 
images in Fig, 1. A and C, respectively. Two 
proxluet peaks are seen for each conformer but 
With different relative intensities. The faster 
component accounts for ~18% of the cis dis- 
sociation yiek! and ~48% of the gauche dissoci- 
ation yiekd (19) 

A fither notable feature of the images is 
revealed in the translational energy distributions: 
The two rings show an abrupt truncation on the 
low-energy side that suggests. the onset of 
secondary decomposition of vibrationally ex- 
cited products. This feature allows unambiguous 
assignment of each peak to distinct product 
ets (Fi, 2), For production of propanoyt 
ation (CHCHCO") + HL, our excitation fre- 
‘quency leaves 2.87-eV excess energy available 
afer dissociation, bused on the recent thresh- 


Fig. 3. Electonic popula- 
tion for cis (left) and 
‘gauche (right) conformers 
‘of propanal cation ater 
Photoescitation to Dp. In 
both cases, more than half 
‘of the population has 
quenched to Dy within 
20 {5 The inset for each 
conformer shows the mo- 
lecular structure and SOMO 
for a representative tra- 
jectory on Ds shortly after 
internal conversion from 
D, and at a later time in the dynamics, 


Fig. 4. Two-dimensional cut 
‘of the Dy PES for propanal 
cation showing reaction 
pathways from the Franck: 
Condon point (shown as a 
solid circle for each of the cis 
‘and gauche conformers) to 
the hycrogen-migration and 
Imethyt-igration minima for 
cis and_ gauche conformers. 
The slope of the D, PES in 
the Franck-Condon_ region 
strongly favors formation of 
different products for cis and 
‘gauche conformers. The thick 
red arrows highlight the dom- 
inant pathways from each of 
the conformers, and the thin 
fed arrows indicate _minor 
pathways. The cs conformer is 
directed toward the hydrogen 
migration excited-state mini- 


old determination of 0.56 eV for this channel 
(20, 21). The onset of secondary decompo- 
sition of propanoyl (to ethyl cation + CO) is 
expected at ~1.75 eV above this threshold, 
based on established thermochemistry (Fig. 2) 
Therefore, any propanoy! cation product formed 
with ess than 1.13 eV of translational enengy 
will undergo additional fragmentation and. will 
not appear at the Cy!1g0° mass in our images 
This fragmentation accounts for the abrupt cut- 
off of the fast peak at translational energies 
lower than ~1.0 eV and allows defi 


Production of hydroxyally! cation 
(CHLCHCHOI) + HV has a higher enerey 
threshold, and hence less available enengy for 
product ceo, than that of propanoyl cation. We 
therefore expect the former cation to show a 
Jower translational energy release (22), Further- 
more, this product has a seoondary fragmentation 
threshold (40 HCO" » Cally) 3.20 eV above the 
propanal cation origin, Thus, hydroxyally cations 


'% gauche 
a 


‘mum, In contrast, the gauche conformer is directed toward the methyt-migration excited-state minimum. 


Both of these minima are in the close vi 
rapid, amu, atomic mass unit. 
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nity of Dy/Dp conical intersections, and surface crossing to Do is 
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formed with Jess than ~0.2-eV translational 
ney will undergo fragmentation and will not 
appear ata massicharge ratio = 57. This behavior 
is observed for the slow peak: we therefore con- 
fidcntly assign the slow peak tothe hydroxyally 
channel 

Although the overall energetics allow these 
‘unambiguous peak assignments, they provide 
little insight into the origin of the dramatically 
different branching ratios exhibited by the two 
conformers, nor do they clarify whether the key 
dynamical events that are responsible occur in 
the electronically excited states or in the ground 
state (after intemal conversion), The absence of 
angular anisotropy in the images suggests a long 
dissociation lifetime: moreover, the relatively 
Jow translational energy release implies high in- 
temal excitation in the products, which is also 
consistent with a long intermediate fifetime and 
dissociation fom the ground state, However, it 
is difficult to imagine ground-state processes, 
with ~3.0-cV excess energy, that are sensitive 
to conformational differences on the order of 
0.03 eV. To gain insight into these issues, we 
tumed 10 AIMS calculations of the excited- 
state dynami 

‘The AIMS method solves the electronic and 
nuclear Schrodinger equations. simultancously, 
allowing for a consistent and flexible description 
of electronic excitation and bond rearrangement 
The breakdown of the Bom-Oppeneimer ap- 
proximation through nonadiabatie effects and 
electronic population dynamies is treated with 
the use of an adaptive basis set for the nu- 
clear wave function (23, 24). We used a state- 
averaged complete active space self-consistent 
field (SA-CASSCF) method (25) to solve the 
electronic Schrodinger equation, with an active 
space of five electrons in five orbitals (26). In 
both the eis and gauehe forms of the cation, the 
singly occupied molecular orbital (SOMO) in 
the ground electronic state is & nonbonding (1) 
orbital localized primarily on the carbonyl 
group. In the first excited electronic state (Dy). 
the SOMO is of x character, again localized on 
the carbonyl. As expected for a. earbonyl 
localized x —+ n transition, Dy is 6 
in both conformers. The second excited state 
(Dz) is accessed via ag — n transition and is 


m, the lowest electronic excitations involve 
lectron promotion from lower, doubly oceupied 
cbitals to the highest, singly occupied orbital 
‘The experiment thus excites both conformers to 
Dz, However, the AIMS simulations predict that 
decay from Dz 10 D; is extremely fast and 
involves very litle nuclear motion, As shown in 
Fig. 3, more than half of the population 
imtemally converts to Dy within 10. {5 This 
rapidity stems from a conical intersection that 
connects Dz and Dy very close to the Franck 
‘Condon point. The geometry of this intersection 
is very similar to the Franck-Condon geometry 
(igs. SI and 2), and its local topography is 
strongly peaked (lig. $3), which promotes 
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ultrafast and efficient population transfer. The 
effects of local topography around conical 
intersections have been discussed previously 
(27-29), and Yarkony has introduced quantitative 
measures of this topography (29). Explicit 
calculation of these measures (lable $1) cor- 
roborates the strongly peaked character of the 
Dy/D, imerscetions for both the cis and 
gauche forms of propanal cation. 

On the Dy surface, the dynamics of the cis 
and gauche conformers become very differ- 
cent, The eis conformer has a high probability 
of undergoing hydrogen migration to yield 
CHACHCHO™, which rapidly converts to Do, 
though an Dy/Dp conical intersection (see tra- 
jectory animation in movie S1). Further migra- 
tion of an H atom from the methyl group tthe 
(© atom, accompanied by a loss of H from C1, 
‘Would lead to hydroxyallyl cation, ln contrast, 
the gauche conformer is more likely 4 undengo 
methyl migration, because the methyl group 
‘carries much of the positive change (see trae 
Jjectory animation in movie $2). When this struc 
ture converts 10 Dg, the methyl group migrates 
bck to its original site, yielding energetic 
propanal cation in the stating geometry. Thus, 
‘excitation ofthe cis and gauche conformers Ieads 
ultimately to very different intermediate structures: 
in the ground tite, which in tum fragment 
through chemically distinct pathways 10 give 
the observed experimental signals (30). 

‘The short Ds lifetime suggests that the ob- 
served dynamies do not depend on the starting 
state and the same behavior would be observed 
\with initial excitation to Dy. Further AIMS 
simulations, modeling excitation w Dy. eon 
firmed this hypothesis. The origin of the dif 
forent behavior for the two conformers is made 
‘clear from examination of the PESs for Dy. We 
focated two distinet minima on Dy arising in the 
AIMS dynamical studies: « hydrogen-migration 
izcometty for the cis conformer and a methyl 
ignition geometry for the gauche conformer 
In Fig. 4, we show a two-dimensional cut (37) 
of the Dy PES containing the cis and gauche 
Franck-Condon points and the two Dy minima, 
The diflerence in slope for each of the two 
pathways in each conformer és marked (see also 
fig. S4) and shows that the preference for 
different prosiucts ean be directly related to the 
‘gradient of the Dy PES at the Franck-Condon 
Point for these two molecules. 

‘The origin of the two distinet minima on Dy 
‘comes from charge localization for the different 
onlonners. The ground state has the positive 
charge localized langely on the carbonyl group, 
because the SOMO is an m orbital on the O 
atom. By virtue of onthogonality, the excited 
state will likely localize the positive charg: 
differently. One possibility is to place the charge 
fon the central C atom, which then prefers to 
have only a single H atom. This favors: mi- 
igfation of the H atom, as observed for the eis 
conformer. A second possibility is to local- 

ize the positive change on the terminal methyl 


‘group. This leads to migration of the methyl 
‘group such that itis placed above the electron- 
rich C=C x bond that is formed in the ensuing 
Vinowy (OCH=CHl) species fie. an example of 
an altrctive x-cation interaction (32)). There are 
energctically favorable pathways to both of 
these Dy minima from the Franck-Condon re- 
«gion of both conformers. However, geometric 
considerations at the Franck-Condon point on 
D, explain why the hydrogen-migration path- 
way is more strongly preferred starting from the 
cis conformer and the methylmigration path- 
\way is more strongly preferred starting from the 
gauche conformer. For the eis conformer, mi- 
gration of the methyl group is blocked by the 
© atom, favoring the hydrogen-migration 
product. For the gauche conformer, there is 
no such obstacke to methyl migration; moreover, 
in this conformation, the aldehydic HT blocks the 
hydrogen-migration pathway. Therefore, the be- 
havior of the Dy surface is apposite for the two 
conformers, with a stesper gradient toward the 
hydrogen-migration or methylmigration min- 
imum for the cis and gauche fom, respectively, 
We have explored the Dy PES with more ac 
‘curate electronic structure methods (which 
too computationally demanding for use in AIM! 
studies), and the same qualitative features were 
observed (fig. SA), 

‘The calculations reveal essential differences 
in the dynamics of the two conformers on the 
excited-state surface, but the dissociation ulti- 
imately takes plice on the ground-state surface. 
This picture resolves the apparent paradox 
mentioned above: The conformational specific 
ity appears consistent only with excited-state 
dynamics, in which the available excess energy 
is small, whereas the actual dissociation event 
rust take place from the ground electronic state 
to ive products with substantial vibrational 
excitation and an isotropic angular distribution. 
‘The distinet dynamics forthe two conformers in 
the excited state place them in isolated regions 
‘of configuration space upon intemal conversion 
10 the ground state. Interconversion between the 
‘two conformers cannot then effectively compete 
With H elimination to the two distinct product 
channels. Although the products show charac- 
teristics of a statistical distribution (high intemal 
excitation and isotropic angular distribution}, the 
results show that there is Title or no communi- 
cation between these regions of the ground-state 
surface at these energies. We shoul note that 
decomposition on the ground state docs mot lead 
exclusively 10 propanoyl for gauche nor hy- 
droxyallyl for cis. Rather, the gauche form 
retums near the starting geometry and disso- 
ciates to both products, which és consistent with 
the behavior scen in previous mass spectrometry 
stuxties (20) that ascribed formation of hydrox: 
allyl to isomerization via the distonic ion (Fig. 2) 
and the enol. The cis form, in contrast, strongly 
favors formation of hydroxyallyl. owing to the 
dynamics in Dy and the location of the Dy/Dp 
intersection. 


These observations suggest a few features 
that are likely 10 be common to systems ex- 
hibiting this class of conformationally mediated 
dynamics. Either dissociation must oceur direet- 
ly in the excited state to give distinct product 
channels, as suggested for CHET", or ebse ine 
temal conversion 10 lower dissociative states 
ust access regions sufficiently remote that the 
rates for decomposition via distinet pathways 
greatly execed the rates for conformational inter- 
conversion. There is no reason to suppose this 
bbchavior is limited to propanal cation. 
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A Cytochrome c Oxidase Model 
Catalyzes Oxygen to Water Reduction 
Under Rate-Limiting Electron Flux 


James P. Collman,* Neal K. Devaraj, Richard A. Decréau, Ying Yang, Yi-Long Yan, 
Wataru Ebina, Todd A. Eberspacher, Christopher E. D. Chidsey* 


We studied the selectivity of a functional modet of cytochrome c oxidase’s active site that 
mimics the coordination environment and relative locations of Fe,s, Cug, and Tyr. To control 
‘electron flux, we covalently attached this model and analogs lacking copper and phenol onto 
self-assembled monolayer-coated gold electrodes. When the electron transfer rate was made rate 


ing, both copper and phenol were required to enhance selective reduction of oxygen to water. 


This finding supports the hypothesis that, during steady-state turmover, the primary role of 
these redox centers is to rapidly provide all the electrons needed to reduce oxygen by four 
electrons, thus preventing the release of toxic partially reduced oxygen species. 


‘uring the final stage of respiration, ey 
Drier € oxidase (CeO) catalyzes the 

‘exluction of O3 10 H30 to power its pro- 
ton pump activity. This fowreleetron reduction 
must take place without releasing toxie partially 
reduced oxygen species (PROS). 

‘Although CeO has boen extensively stued 
in single-turnover experiments, the mechanism: 
boy which the enzyme reduces O. under steady- 
‘state conditions, where the electron flux is rite 
limiting, is poorly understood ( Specifically, 
the role of Cug and a posttranslationally mod- 
iffed tyrosine residue (Tyr) have been frequent 
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subjects of discussion. It has been assumed that, 
dhaing taroves: Cop ond Ty™ cach deliver on 
electron to bound! oxygen in the active site, 
addition to the two electrons from the Fe 
hemegy. This rapid intramolecular reduction in a 
hydrophobic site should reduce the lifetimes 
potential PROS-releasing intermeaiates (3). The 
‘oxidized active site is then thought 10 be slowly 
recharged by ferrous cytochrome € (eyt 6) (4, 5) 
sich that Oy only binds when both Cay and Feys 
have been reduced. 

This scenario has proved challenging to test 
in the native enzyme. because of its inherent 
complexity, and in site-specific mutants, because 
they have been found to be inactive (6-8). We 
previously developed functional models of th 
CoO ative site (9-12) ana! showed that a model 
that contains two redox sites, an iron heme, and 


a distal copper, but 
Tye can manifest the selective four-eeetron 
analytic reduction of oxygen at physiological 
pil and potential. However, our catalysts were 
adsorbed on graphite electrodes sch that clee- 
‘won transfer was very rapid; in contrast to the 
euzyme, 

ext, We describe the steady-state 
duction of Op by using synthetic CoO models 
that also mimic the Tyr site and are 
to self-assembled monoky 

20K electrodes in order to control elostron fh, 
This strategy enabled us t9 examine the influ 
cance of cach redox eenter (copper and phenol, 
while varying the rates of electron delivery 
and simultancously measuring the formation of 
PROS clectwchemically, We find that, under 
canitions. where electron delivery limits the 
tumover rate, the presence of copper and a 
redox-aetive phenol to mimic tyrosine sharply 
reduces the formation of PROS, These mode 
studies support the belief that both Cuy and 


ygen by four electrons 
‘cal condition of rate-limitin 
fiom eyt ¢ 

Our new souctural and functional analog of 
the CeO active sit (catalyst ta) possesses soups 
that mimic Fegs, Coy and Ty (Fig. 1) (18). A 
inyoglobindike heme was fitted with » proximal 
imidazole, distal copper was bound t0 a tris 
imidazole ligand about $ A above the heme, and 
a phenol group was covalently attached to one 
of the copperligating imidazoles and directed 
toward the oxygen binding site on the heme 
(4). In single-tumover experiments, this filly 
rexhuced synthetic model, containing both copper 
and phenol, activated and reduced oxygen by 


1 the physiolog- 
electron transfer 


Fig. 1. (A) Crystal structure of the active site of CcO from the bovine heart (13). (B) Model 2a reproduces the key elements of the active site of CcO. (C) 
‘Model 2a, in which the phenol és masked as 2 methyl ether. Model 2a can be treated with dilute acid to yield the iron-only model (2b), which is not shown. 
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{our electrons in a manner similar to that of the 
mixed-valence form of the native enzyme. The 
‘oxidized product ofthis reaction contains a fer 
ryl and a phenol radical, Its electron spin res- 
‘nance (ESR) spectrum is shown in Fig. 2. 

In order to control electron lux to these 
mode! compounds, we attached this model and 
analogs lacking copper and phenol onto mixed 
SAM-coated gold electrodes (/5-79). Eletron- 
transfor rates to redox groups covalently coupled 
to SAMs can be predictably tuned by v 
the length and the degree of conjugation of the 
SAM (20-22). Although most functional mono- 
layers are made by simply tethering a thiol to 
the redox molecule of interest, the complexity of 
‘our synthetic CeO models and the reactivity of 
the heme center with fee thiols required an 
altemative method. Recently we demonstrated 
‘that azide-terminated mixed SAMSs can be mod- 
ified with acetylene-beaning molecules (23-25) 


‘cumaro® 


re 


© 1000 2000 30004000 $000 6000 
Gauss 


Fig. 2. ESR spectrum of the product formed by 
(0; reacting with the fully reduced catalyst 1a, 


though a Cu(l}catalyzed azide-alkyne eyo 
addition (26, 27). This very efficient technique 
yyiekis mixed SAMS that deliver electrons at re 
Dproducible rates 10 covalently attached redox 
‘molecules, such as porphyrins (28). 

The synthetic CeO models were fitted with 
a terminal acetylene and then covalently at- 
tached to azide-terminated mixed SAMs on 
electrode surfaces (Fig. 3) (29), The electron 
delivery pathway is analogous to that in CeO, 
in which an outer-sphere electron donor ( 
in native CeO and the electrode in our model 
system) is covalently coupled to the proximal 
imidazole of an oxygen-binding heme (13). 

In onder to mimic a situation where elec 
tron transfer to the heme is the rate-limiting 
step during catalysis, we covalently attached 
these CeO models onto mixed SAMS composed 
‘of F-azidohexadecancthiol and hexadgcanethiol 
(°slow” SAM SD), Such SAMS strongly retard 
the rte of electron transfer to immobilized redox 
molkeules (29). For comparison, we also attached 
cO models t0 a highly conjugated azide- 
terminated SAM composed of azidophenylene- 
cthynylencbenzy thiol and octancthiol (fast 
SAM S2}. SAM 82 is known to facilitate rapid 
electron transfer ffom the electrode to immobi- 
lized redox molecules (28). 

‘SAMs functionalized with CcO models were 
characterized by using conventional clectrochemi- 
cal techniques (29). The standard eeetron-transor 
rate constant, 4°, between the gold electrode and 
the iron center of our models was 6 © 0.1 5"! on 
SAM SI. In contrast, A? on SAM S2 was too fast 
to measure with conventional electrochemical 
methods (28) but is atleast 1 10s! This lange 
‘variation in &°, controlled by changing the nature 
‘of the intervening SAM, allowed us to drasti- 


Slow SAM S1 


model 2a (right). 


Fast SAM S2 


3. Slow SAM $1 functionalized with model 1a (left) and fast SAM $2 functionalized with 


cally vary the rate of electron transfer to our 
CeO models. Catalyst coveraze was limited 
the azide-terminated thiol to less than 4 107" 
moles emt, about 5% of the coverage of thiols in 
the SAMs. At these low coverages the catalysts 
do not ineract with one another 

In the absence of Og at pH = 7, the redox 
potentials of both the heme iron and the distal 
copper are nearly identical, consistent with the 
similar potentials of Fegy and Cup observed in 
CoO and in our earlier synthetic models (3), 
In alir-saturated aqueous solutions buffered at 
pil = 7, the reversible couple disappears and 
is replaced by a large imeversible current caused 
bby Op reduction (fig. $2). The potential at which 
catalysis begins isthe same on both slow and th 
fast SAM [0.3 V versus normal hydrogen 
electrode (NHE)] and is identical to the onset 
potential observed for Os reduction by native 
eyt CeO complexes absorbed on gold (3). 

Although the SAM docs not affect the por 
tential of reduction, it songly aflets the kinetics 
of catalysis. On SAM SI, the electrochemical 
‘process is limited by electron transi. In contrast, 
slectron delivery to the catalysts immobiized on 
SAM S2 js sufliciently rapid that the supply of 
Op fimits the tumover frequency. 

In onder to measure the selectivity of ca- 
talysis under these Iwo rite 
(SAM SI and SAM $2), we used rota 
disk voltammetry. There are very fe 
reported on the use of rotating ring-disk voltam- 
metry with SAMs (32-34) because of the dif 
ficulty of forming reproducible SAMs on such 
electrodes (1). We have developed a proce- 
dure to form gold disk eleetrtes with the n= 
quired surface properties to promote high<uality 
‘SAM formation (29) catalystemoditiod SA 
conted gold disk electrode is encircled by & PROS- 
deiecting Pt ring electrode. The two-ekectrte 
awssembly is rotated, and the gold disk is set t0 a 
potential at which oxygen reduction takes place, 
PROS produced during Oy reduction ane swept 


B_ Fast 3AM 82 


Electrons Leaked as PROS (%) 


a ete 


Fig. 4. Percentage of electrons released a5 PROS 
for catalysts 1a, 2a, and 2b on either (A) SAM $2. 
‘or (B) SAM S2. Data taken at 0.1 V versus NHE in 
air-saturated electrolyte buffered at pH = 7. The 
catalyst coverage on either SAM was 4 x 10 
moles cm*, Ring-disk assembly was rotated at 300 
revolutions per minute. Error bars indicate stan- 
dard deviation from the mean. 
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from the disk to the ring, where they are 
clectrochemically detected, For an ideal four- 
electron electrocatalyst, no PROS would be 
detected. We measured the percentage of 
electrons released as PROS for catalysts. a, 
2a, and 2b immobilized on SAM SI and SAM 
S82 (Fig, 4). 

‘When attached to SAM 82, the incomplete 
‘CeO model 2b, which lacks both copper and a 
redox-active phenol, is moderately selective at 
reducing O3 to H30; 89 « 2% of the electrons 
are used 10 form HO, Addition of copper (cat- 
alyst 2a) decreases the amount of peroxide de- 
tected atthe ring by over 30%, Copper is known 
to inerease the oxygen-binding affinity of bots 
synthetic CoO models and CeO itself and to 
improve the seletivity of CeO models absorbed 
‘on edge-plane graphite (6, 30, 35). Interestingly, 
the copper- and pheniol-containing catalyst La 
‘on SAM S2 shows only a slightly improved 
selectivity over catalyst 2a, in which the phenol 
is masked, We believe this limited influence of 
the redowwactive phenol results from the ability 
‘of the electrode to deliver an additonal electron 
rapidly through SAM $2, This behavior is rem- 
iniseent of fully reduced CoO during single 
tumover experiments; Fe, can rapidly (~30 js) 
provide an electron to a partially reduced ox- 
yen intermediate, and a tyrosine radical és not 
‘observed (2). This result demonstrates that during 
lumover Tye is not required when a fourth 
election can be rapidly delivered fiom outside 
the active site. 

During. in vivo operation, CeO is never in 
the fully reduced state because electron delivery 
by eyt-e is fir slower than the rate at which 
interval electrons are delivera to oxygen bound 


A 


= 


at the active site (36, Thus, studies of CeO 
models immobilized on SAM SI, where electron 
‘transfer limits tumover, have greater physiolog- 
ical relevance. Compared with SAM $2, on 
‘SAM SI models lacking either copper or phenol 
show a marked decrease in selectivity. For ex- 
ample, the iron-only model 2b on SAM SI 
rapidly degrades and is likely consumed by sub- 
stantial PROS formation. This is unlike the case 
With similar iron-only porphyrins directly ab- 
sorbed on edge-plane graphite (30) but is similar 
to our previous work using lipid films to force 
slow diffusional detivery of electrons (37). When 
immobilized on SAM SI, model 2a, which con- 
tains both iron and copper but not a redox-active 
phenol, is more stable than the iron-only model 
‘bats shows a marked degree of PROS leakas 
This catalyst can store mo more than three 
electrons at the active site before oxygen binding 
(two from iron and one from copper): therefore, 
‘one adkltional electron would be required from 
the electrode in order for oxygen to be reduced 
by four electrons. Ifthe electron transfer rate 
between electrode and catalyst is slow, partially 
reduced intermediates must persist before ad- 
ditional electrons are delivered, and in the in- 
terim PROS can Ieak and degrade the catalyst 
SM). 

In contrast, catalyst Ha, equipped with bot 
copper and phenol, is highly selective at re- 
ducing oxygen to water on SAM SI (Fig. SB). 
Compared with the catalyst without a redo 
active phenol 2a, the complete catalyst ta re- 
leases over threefold less PROS, Remarkably, 
the selectivity of catalyst Ha is nearly identical 
whether immobilized on SAM SI or SAM S2. 
Thus, 1a mimies one of the most important and 


Fig. 5. Possible intermediates during the reduction of oxygen to the redox level of water. (A) A 
monometallic heme, such as catalyst 2b, requires electrons to be detivered externally in order to 
reduce oxygen by four electrons. if those electrons are delivered slowly, the lifetimes of PROS- 
releasing intermediates increase. (B) Catalyst 1a equipped with both copper and phenot can bind 
‘oxygen and rapidly reduce it to the redox level of water without requiring external electrons. PROS 


release is minimized, 
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fascinating features of CeO: its ability wo se- 
Ieetively reduce oxygen by four electrons when 
the electron-transfer flux is rate limiting. 

CoO is believed to reduce oxygen by four 
electrons with >99% selectivity (36), Catalyst 
Ja on SAM S1 is only about 96% selective for 
four-electron reduction (38), We suguest wo 
plausible reasons for PROS formation. First, our 
Fe-Cu models do not require complete eduction 
fof the metal centers in order to bind Os, whereas 
in CeO an apparent cooperativity between Feyy 
and Cug redox centers ensures that only the 
fully reduced active site binds O2 (J, 36). In the 
present model, itis possible to form a partially 
reduced active site (Fe"/Cu"*) that would bind 
Oz. This process could ead 10 occasional 
production of PROS when election transfer is 
rate limiting. 

A sccond disparity is that these active-site 
models are in direct contact with water, whereas 
CeO is buried in a membrane. Exposure to a 
‘water interfice should favor hydrolytic autoxi- 
dation, thereby inereasing PROS formation (39). 
To test this hypothesis, we treated the SAM 
films with a hydrophobic surfactant (29), 1t has 
‘been demonstrated that such surfactant films can 
act as hydrophobic blocking layers and intlue 
«nice the physical properties of redox molecules 


within the SAM (40, 47), In preliminary studies, 
‘we have found that this treatment reduces the 
percent of elztrons contributing 1 PROS by 


almost a factor of 3 (29), 
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Thermoelectricity in 
Molecular Junctions 


Pramod Reddy,** Sung-Yeon Jang,”**t Rachel A. Segalman,*?*¢ Arun Majumdar**4$ 


By trapping molecules between two gold electrodes with a temperature difference across them, 
the junction Seebeck coefficients of 1,4-benzenedithiol (BOT), 4,4'-dibenzenedithiol, and 4,4”- 
tribenzenedithiol in contact with gold were measured at room temperature to be +8.7 + 2.1 
microvolts per kelvin (aViK), +12.9 + 2.2 pVIK, and +14.2 3.2 yVIK, respectively (where the 
error is the full width half maximum of the statistical distributions). The positive sign 
unambiguously indicates p-type (hole) conduction in these heterojunctions, whereas the Au Fermi 
level position for Au-BDT-Au junctions was identified to be 1.2 eV above the highest occupied 
molecular orbital level of BDT. The ability to study thermoelectrcity in molecular junctions provides 
the opportunity to address these fundamental unanswered questions about their electronic 
structure and to begin exploring molecular thermoelectric energy conversion. 


undamental interest, with potential appli- 
tions in mokcular electronics (7) and 
wy-conversion devices ( Current- 
voltage (I-V) characteristics of single molecules 
have been extensively investigated by trapping a 
single molecule in break junctions formed by 
mechanical strain (4), electromigration (5), and 
scanning tunneling microscopes (6). Although 
‘such measurements have provided substantial 
insight into charge transport through mo 
lar junctions, critical aspects about the elec 
tronic structure cannot be uniquely obtained 


Se of charge transport in molecules is of 
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by I-V characteristics alone. For exampl 
whether molecular junctions are p-type oF n- 
type—ie... whether the position of the Fem 
level, Ey, of the metal contacts is closer to the 
highest occupied molecular orbital (HOMO) 
‘oF to the lowest unoccupied molecular orbital 
(LUMO). generally remains unknown because 
‘of uncertainties in the microscopic details of 
the contacts (7-10). A specific example of this 
is benzenedithiol (BT), in this case, although 
the electrical conductance has been studicd 
extensively both experimentally (4, 1/) and the- 
‘oretically (7, 12-15), some groups suggest that 
the Ey of the electrodes lies chase 10 the HOMO 
level (7,13, 15) and other groups contend that Ey 
lies near the LUMO level (/2, 14). Although 
sweeping the gate bias in single-molecule tran- 
sistors could potentially yield this information, 
Coulombic interactions caused by change accu- 
mulation on the mokeule could perturb the 
cekectronic structure (/6, 17) 

It has been suggested that the sign of the 
Seebeck coetticient, 5. of molecular junctions 
can indicate the sign of the change carricrand the 
relative position of Ep with respect to the 
HOMO oc LUMO levels (8). Indeed, thermo- 


power measurements that use a seanning probe 
microscope have yielded nanoscale spatial 
distributions of electron and hole concentrations 
in inorganic semiconductors (18) and have led 10 
chemical potential microscopy at the atomic 
scale (79, 20), Here, we report an alternative 
approach: We measured § for molecular junc 
tions formed by trapping molecules: between 
gold electrodes, and then we measured the volt- 
fage generated across them when a temperature 
bins was imposed across the junction 

general, S isassociated with bulk materials 
and is obtained by measuring the voltage 
difference ereated across a material in response 
to an applied temperature differential. In such 
‘bulk materials, charge transport is diffusive in 
nature. The concept of an effective Sis also valid 
for junctions where the transport may be bale 
listic, For such junctions, however, a more gen 
eral form of the Seebeck coefficient is needed 
and is given as 


fowe rE 


at | 
foe E 


‘where o(£) is the enengy-dependent differential 
clectrical conductivity, Ey is the Fermi level (or 
‘more accurately, the chemical potential), ¢ is 
the charge of an electron, and Tis the absolute 
temperature: the denominator in Eq. 1 is the 
electrical conductivity, 6, As Eq. 1 suggests, S 
reflects the asymmetry in o(E) with respect to 
Ex. In bulk materials, this asymmetry results 
from enenzy-dependent carrier scattering or the 
asymmetry in the density of states. For ballistic 
transport, the asymmetry can be created by 
potential barrier ata junction, such as that 
created between Ep ofa metal and the HOMO 
or LUMO level of a molecule. Here, $ isnot an 
intrinsic property of a material, but that of the 
heterojunction. Hence, we call it a junction 
Seebeck coefficient, Sjuncion- Because Sjuncion 


ay 
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measures the size of an enengy barrier, itis not 
expected to depend on the number of mole- 
cules trapped between the electrodes and is, 
therefore, an intrinsic property of the junction, 
This is in contrast to the junetion’s electrical 
conductance, which depends on the number of 

molecules 
‘A modified scanning tunneling microscope 
(STM) setup is shown schematically in Fig. LA: 
A customized control circuit drives a Au STM 
tip at a constant speed toward a Au substrate in 
air under ambient conditions. The Aw tip is kept 
in contaet with a large thermal reservoir at room 
temperature, which maintains the tip: temper- 
ature very close to ambient (21-23), The Au 
substrate can be heated with an electric heater to 
a desired temperature above ambient to create a 
tipsubstrite temperature difference, AT. When 
the Au STM tip approaches the hot substrate, 
Tip-substrate voltage bias is applied and the 
‘current is continuously monitored. When the 
‘conductance reaches a sufficiently high threshokt 
Of O.1Gy. where Gy = 27h is the quantum of 
charge conductance (see (23) fora discussion on 
the choice of 0.1Gy}, our previous experiments 
‘on electrical conductance have shown that the 
tip-substrate distance is sufficient to trap 
molecules between the electrodes (24), Once 
this threshold is reached, the voltage bias and 
the current amplifier are disconnected, and the 
fer is connected instead (Fig. 1A) 


to measure the tip-substrate thermoelectric volt- 
age induced by A7. The tp is then slowly with- 
drawn to a sulliciently large distance (~15 nm) 
and the output voltage Ais continuously moni- 
tored with th 

When the " 
terminated molecules, we have shown that 
molecular bridges are formed between the Au 
tip and the substrate, and the clectrical conduct- 
ance of single molecules can be monitored in air 
(24) In our experiment, we covered the Au sub- 
strate with BDT, dibezenedithiol (DBD), or 
tribenzenedithiol (TBDT) (25) molecules. Ifmol- 
ecuks of BDT, DBDT, or TBDT are trappat 
between the fip and substrate with a super- 
imposed AT, we shoukl expect to sce a thermo- 
electric voltage generated between the clectmdes 
(8), which should last as Jong as one or more 
molecules are trapped and vanish once all ofthe 
mokkeules break away. 

A typical themoclectric voltage curve ob- 
tained in the experiment that was performed 
with a ATof 20 K and with the substrate covered 
with BDT molcuks is shown in Fig. 1B. We 
observed a constant thermoekctric voltage of 
about AV” = -200 AV (Fig. 1B, blue curve) 
Which lasted until all of the molecules trapped in 
the junction broke away, Notably, the distan 
the tip travels (~ 1 to 2 nm) before all of the 
molecules break away is much longer than the 
Because the thiol group on 


Fig. 1. Experimental setup and measurements. (A) Schematic description of the experimental set up 
based on an STM break junction. Molecules of BDT, DBDT, or TBDT are trapped between the Au STM tip, 
kept at ambient temperature and a heated Au substrate kept at temperature AT above the ambient. 
‘When the tip approaches the substrate, a voltage bias is applied and the current is monitored to estimate 
the conductance. When the conductance reaches a threshold of 0.1G,, the voltage bias and the current 
amplifier are disconnected. A voltage amplifier is then used to measure the induced thermoelectric 
voltage, AV, and the tip is gradually pulled away from the substrate. (B) A plot of the thermoelectric 
voltage measured as a function of the tip-sample distance when a temperature differential AT = 20 Kis 
applied (Au tip at ambient and substrate at ambient + 20 K). The blue curve's obtained when a Au-BOT-Au 
junction is broken. The red curve shows a control experiment performed on a clean gold substrate. (C) 
Typical thermoelectric voltage traces for tip-substrate temperature differentials of O, 10, 20, and 30K 


for Au-BDT-Au junctions. 
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the molecule binds sufficiently strongly to Au, 
and because Au atoms are sufficiently mobile 
at room temperature, it has been proposed that 
‘Au chains are formed both on the tip and the 
substrate when the STM tip is pulled away (6). 
contrast to electrical conductance measurements 
CA, which decrease in steps as molecules 
break away one at a time, no steps were 
observed in the AV, suggesting that Sjpetion iS 
independent of the number of molecules. AS 
the AT increases from 0 19 30 K, the thermo- 
electric voltage signal increases (Fig. IC), 
Control experiments performed on clean gold 
surfaces without any molecules (red, Fig, 1B) 
demonstrate that no measurable AV” is yener- 
ated in the absence of molecules. 

To objain a statistically significant value of 
AV of a AW-BDT-Au junction, we perfomned 
roughly 1000 consccutive experiments at each 
value of AT. These data were used to constrict 
histograms for cach temperature differential with- 
‘out any data preselection, The histograms. thus 
cbvained (Fig. 2, A to C) were used to estimate 
the average and the variation in. Sjyeigy- The 
relation between Spyaion OF the Auemotecule-Au 


junction and the measured voltage is (23) 
av 
Sywation = Spu = 6} 
ne oF Q) 


‘where Sau is the Seebeck coefficient of bulk Au, 
Which is ~1.94 VK at 300 K (26), In Fig. 2D, 
Apa is plotted as a function of AZ, where 
AV pou ComTesponds to the AV’at the peak of the 
distribution. The error bars in Fig. 2D eomespond 
to the fallwikh half-maximum (FWHM) of the 
distributions. From the slope A Vpgq/ATand Ea, 
fone obtains Sayapray = O87 = 2.1 VK, 
‘where the err is FWIIM, Similar experiments 
‘werealso performed with DBDT and TBDT, and 
statistical analysis revealed that Sauonor-Au 

112.9 22.2 pViKand Spucruoran™ 14.2 3.2 
AVIK (23) Fig. 2B), There seems to be a linear 
dependence of thermopower with molecular 
length, which is in contrast to the exponential 
dependence of electrical resistance that is wen- 
crally attributed to tunneling across the mole 
cule. The histograms of AV” for AweTBDT-Au 
junctions at 20 and 30 K (fig, S4. Ato C) exhib 
deviations from a Gaussian curve, Furthermore, 
the FWHMs for the histograms at 20-and 30 K 


increased considerably compared with those of 


Au-BDT-Au junction i from 
the effect of the conformational changes in th 


molecules trapped in the junctions. The plot of 


the peak values of the histograms verstis the 
temperature differential for DBDT and TBDT 
iations fiom 

ty ry arise because the 
applied temperature differentials of 20 and 30 K 
across molecules are so high that linear transport 
theory may not adequately describe the temper= 
ature dependence of the thermoelectric voltage. 
The relative position of the HOMO and 
LUMO levels with respect to the Er of the metal 


16 MARCH 2007 


1569 


1570 


| REPORTS 


A 


aT=10K 


‘Count (au) 


° 
= 
3 -100: 
= 
300 
oo 2% 90 
Temperature Differential, AT (K) 
20. 
E ‘AeTBOT-Au 
= Aw osor.aw 
1s 
5 
3 | sweorae 
t 
5 
o § wi 2% 
Length (A) 


Fig. 2. Histograms obtained by analyzing approximately 1000 consecutive thermoelectric voltage 
‘curves obtained in measurements of Au-BDT-Au junctions with tip-substrate temperature differential (A) 
AT = 10 K, (B) AT = 20 K, and (C) AT = 30 K. au, arbitrary units, (D) Plot of the peak values of the 
thermoelectric voltage in histograms as a function of the temperature differential. The error bars 
Tepresent FWHM of the corresponding histograms. It can be seen that the measured voltage varies 
Uinearty with the temperature diferental, as expected. () Plot of measured junction Seebeck coefficient 
‘asa function of molecular lenath for BOT, DBOT, and TEOT. 


ctrades can be related to the measured value 
wnat (8). The Landauer formula (27) is 
used 10 relate Sjyneion 10 the transmission 
fimetion, 1(£). 18 shown that Siyaiige £20 be 
dobiained as 


Sunt 


Where fy is the Boltzmann constan 
The transmission function for the ease of 
Au-BDT-Au junction, which was derived with 
the use of the nonequilibrium Green’s function 
alism in conjunction with extended Huckel 
theory (8), is shown in Fig. 3A. It is clear that 
WE) ~ 1 when the Ep aligns with either the 
HOMO or the LUMO levels and decreases rapid- 
ly to below 0.01 in between. Using this transmis- 
sion function in Eq. 3, we calcubited Spy.sot-aw 
. 3B) and found that Sqy.norau is postive 
is closer to the HOMO level and 
tive (retype) if it is closer to the LUMO 
level. Using the measured value of Sawworau 
#87 =2.1 nV/K, we sce from Fig, 3B that Ep is 
~1.2 eV from the HOMO level. The value of 
the transmission function at this relative position 
‘of the Fermi level was (£) ~ 0.01 (Fig. 3A). In 
the Landauer formalism, we know that the con- 


ductance Giedgaie Can be related to the transtnise 


son function at 


Grwtete = F=1E Neo, = {Een (4) 


Equation 4 implies that the conductance of 
BDT should be ~0.01G,, This estimated value of 
the electrical conductance is in excellant agrec- 
iment with the measured electical conductance of 
Au-BDT-Au junction (//, 28). 

Junetion 
can provide i 
‘of the heterojunction, but the results also bear on 
aan as-yet unexplored field of thermoelectric 
‘energy conversion based on molecules, The best 
efficiency in thermoelectric enengy conversion 
can be achieved if change transport occurs 
through a single energy level (29. 30). Singhe- 
level transport is, however, difficult to realize in 
inorganic materials. Metal-molecule-metal het- 
<rojunctions are ideal inthis regard because they 
(3) provide transport either through the HOMO 
‘or LUMO levels and (ii) have very low vibra 
tional heat conductance because of large mis- 
match of vibrational spectra between the bulk 
metal and diserete molecules (3/). Hence, such a 


Fig. 3. Relating the measured Seebeck co- 
efficient of Au-BDT-Au junction to the position 
of Fermi level. (A) Theoretical prediction (8) of 
the transmission function of a Au-BDT-Au 
junction plotted as a function of the relative 
position of the Fermi level of the Au electrodes 
with respect to the HOMO and LUMO levels. (B) 
The predicted (8) Seebeck coefficient of a A 
BDT-Au junction as a function of the relative 
position of the Fermi level with respect to the 
HOMO and LUMO levels, When the measured 
value of Sau-nor.aa=+8.7 + 2.2 jVIK (blue band) 
‘sshown, its clear that the Fermi level is ~1.2 eV 
above the HOMO level. At this energy level, the 
transmission function is (€) ~ 0.02, 


hybrid material offers the promise of efficient 
thermoelectric energy conversion. We s 
the first time values for molecular j 
‘Seebeck coefficients, but the tunabil 
effect and electrical conductance remains n= 
known, The length dependence of molecular 
junction Seebeck coefficients is shown in Fig. 2E 
for the mokecuks we studied, but there may be 
other ways of tuning themopower, such as by 
introducing various chemical moieties inthe 
molecule or by controlling the metal-molecule 
chemical bond, 
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Population dynamics and evolutionary change are linked by the fundamental biological processes 
of birth and death, This means that population growth may correlate with the strength of selection, 
whereas evolutionary change can leave an ecological signature. We decompose population growth 
in an age-structured population into contributions from variation in a quantitative trait. We report 
that the distribution of body sizes within a population of Soay sheep can markedly influence 
Population dynamics, accounting for up to one-fifth of observed population growth. Our results 
‘suggest that there is substantial opportunity for evolutionary dynamics to leave an ecological 


signature and visa versa. 


cological and evolutionary provesses 
E: © traditionally been considered to 

operate at such different time scales that 
ts could ignore evolutionary dynamics, 
While evolutionary biologists cou! overlook 
ecological processes (/). Recently, however, 
there has been growing interest in the effects 
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that ecological and evolutionary processes have 
‘on each other (2-4). For example, genetic var- 
iation at one allzyme locus influences popu 
lation dynamics in a butterfly. metapopulation 
). and evolutionary change in boxy and beak 
size has contributed more than ecological 
[processes 10 population growth ina Darwin's 
finch (4). In parallel, evolutionary. biolo 
have shown that selection can fluctuate with 
ecological processes and that this can generate 
evolutionary change. In the same population of 
Danwin’s finch that was the focus of (4), varying 
ecological conditions in different decades im- 
ppacted on the strength, direction, and outcome of 
selection (6). Given that ecological and evolu- 
tionary processes are intertwined. it is necessary 
to develop methods to capture their relation. A 
first step in doing this is to characterize the 


association between the phenotypic variation on 
which selection operates and population growth 
(7). Here we ask how quantitative trait variation 
impacts population growth in a population of 
‘Soay sheep (8) and how selection varies with 
population growth. 

The population of Soay sheep on Hirta, St 
Kilda, has been studied in dotail since 1985 (8), 
‘The strscture and size of the population i known 
for cach year (fig. ST). Binh weight (kg) is 
collected each spring. and adult body weight (ky) 
and hind key Fength (mm) a measure of skeletal 
size-are collected annually trom individuals 
‘caught in the summer catch (on average ~S0% of 
the population) (9). The sheep year runs fom 
1 Augusto 31 July, and recruitment iscale 
a the number of lambs an individual produced in 
April that are sil alive in August. Patemity is 
ansignad using markers to ~ 6% of lambs 
with >80% confidence (10). Signi 
environmentspecific additive genetic 
exists for bin weight, August body w 
hind tee length (8, 17, 12), We estimate beri 
bilities, A? (U3), using these values and the 
phenotypic variance estimate from our data set 
{supporting online material (SOM), 

To Tink variation in a quantitative trait to 
population growth requires an understanding of | 
‘how variation in the trait influences survival and 
recruitment and how survival and recnuitment 
influence population growth (/-#). One way of 
doing this is 10 calculate the proportion of var- 
intion in individual contributions to population 
vowth, py, accounted for by a quantitative trait 
‘yy is calculated as the difference between ob- 
served population growth and population growth 
calculated with the contribution of a focal ine 
dividual removed (15), This quantity describes 
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how cach individual contributed directly to ob- 
served population growth over a time step and is 


ceaeulated as pq) = —* where sig) 


and fy represent. survival and recruitment of 


individual # at time 1, 5, and 7; represent pop- 
tulstion means, and, represents. population 
size, The quantity p,q) can be decomposed into 
contribution via survival, Sq and recruit 
and Fay = Ee In 
diploid systems, fay and 7, are calculated as the 
umber of offspring multiplied by *3. The pro- 
portion of variation (a) in py, accounted for by 
‘quantitative traits the contribution of variation in 
the trait to population growth. For quantitative 
tits, itis straightforward to calculate the con- 
tribution of additive genetic variation in a trait to 
population growth by multiplying a by the 1? of 
thet 

Sy Fray and yy and boxly weight and hind 
Jeg. length vary with ontogeny and sex in Soay 
sheep. Failing to correct for this variation woud 
inflate estimates of the contribution of variation 
in these traits to population growth, To assess the 


Fray where Sy 


Fig. 2. Associations be- 
tween body weight and 


contribution of quantitative traits to population 
sgrowth, we conducted separate analyses within 
cach age and sex class before combining results 
across classes. We considered males and fernales, 
separately and divided each sex into four ag 
classes lambs, yearlings, prime-aged adults (2 10 
6 yours), and senescent individuals (>6 years) 
(16), We examined the statistical relation betwoen 
ach trait and Pyyy Syy a0 Fy using gon- 
cralized additive models (GAMs)(/7) in R (18). 
We estimated @, as the proportion of deviance 
explained by these GAMs. To calculate the eon 
tribution of variation in cach trait to population 
growth across classes, we mutipliod the 6p 
foreach class by the proportion ofthe population 
in cach class before summing these products 
across classes 

In Fig. 1, we show associations between boxy 
\weight and ingiv dual contributions to population 
szrowth for data pooled across years. Bealy weight 
accounted for 4.7% of population growth, hind 
Jeg length 3.19%, and bith weight 1.69% About 
Iworthinds of the contribution of hind leg and 


Pro. Su, and Fry by age 
for males (blue) and 
females (red) with 95% 
confidence intervals points 
show mean values within 


weight categories, There 
are few males aged >6 
‘years, 50 results from this 
class should be treated 
cautiously. Numbers (fe- 


males, males) represent 


the proportion of devi- 
ance accounted for fig. 
53 for birth weight and 
hind teg length). 


Individual contribution 


So Fo 
“a yams rr 
=== Seta] }--- dll 


Fig. 2. The relative contribu 
tion of (A, D, and E) body 
weight, (B) hind leg length 
‘and (©) birth weight to pop- 
ulation growth via different 
demographic classes for data 
pooled across years (A, B, and 
©) and for years with high (D) 
and tow (E) survival. 
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body weight was via lambs and yearlings, while 
three-fourths of the contribution of bith weight 
‘vas via lambs and yearlings (Fig. 2, A, B, and). 
“The relatively small contribution of variation in 
trait values to population growth occurs because 
none of the morphological traits account for 
much variation in pay in two of the more me 
inerous demographic classes prime aged and 
senescent females. In contrast, the small contri- 
bution of variation in wait values to population 
growth via adult makes occurs because adult 
males constitute a small proportion of the pop 
lation rather th Jack of an asso- 
ciation between body weight and yy (Fig. 1), 

Additive genetic var for body weight 
contributed OS8% of population growth, with 
values of 1.43% and 0.19% for hind leg length 
and birth weight, respectively. Because popu 
tion growth is mean fitness (79), our resus ean 
also be interpreted as the heritability of fitness via 
the focal traits 

On average, trait variation contibuted rel 
tively lite to population growth, However, tat 
‘aration interacts with environmental variation 
to influcnce survival and fecundity in the Soay 
sheep (20) and other ungulates (21), Consequent- 
Iy, we next looked for temporal variation in the 

ution in quantitative 
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Fig. 3. (A) Contributions of body weight to 
population growth with 95% confidence intervals. 
‘Gee fig. $4 for birth weight and hind leg length.) 
Asterisks identify years with low survival. (B) 
Estimates of the strength of selection on body 
weight. (C) Association between selection and 
contributions to population growth over time for 
body weight. 
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population growth. ‘There were insufficient data 
in some years to fit GAMS, so We first looked to 
see whether contributions varied between years 
‘when mean survival was low and when it was 
high (SOM). We now focus on body w 
results for hind leg Iength are similar ( 
xziven the high correfation between it and body 
\Weight (”= 0.84), In low-survival years, variation 
in body weight accounted for 9.23% of variation 
in population growth rate, with approximately 
‘equal contributions from all demographic classes 
(Fig. 2D). In contrast, body weight was much 
Jess influential in high-survival years, accounting 
for only 3.87%, with the contribution being pri- 
marily fiom lambs (Fig, 2E), These results 
suggest an interaction between the distribution 
‘of trait values and the environment in influencing 
population growth, 

Although we were unable to fit GAMs 
though data for each year, we did examine 
how variation in traits influenced population 
j2towth int each year using linear regressions 
(Fig, 3), We used the 1? of the associations be- 
tween trait values and yyy Shp ated Fy i cach 
lass to assess the proportion of variation 
accounted for, The contribution of body weight 
to variation in population growth varied substan- 


tially between years, contributing up 10 nearly 
‘one-fifth (18%) of observed population growth 
(Fig. 3A), Since 1995, the contribution of vari- 
ation in body size to population growth was less 
pronounced than in cartier years. In the latter 
‘period, winter weather on St. Kilda was relatively 
‘good for sheep as the mean of the North Atlantic 
Oscillation (NAO) was lower than in the earlier 
period (02039 versus 2 348). The NAO was sig- 
nificantly correlated with the contribution of 
Variation in body weight to population growth 
(7 =0.23,t= 2.13, P= 0.099, 2 16 years). This 
[provides further support that environmental vari 
ation influences how much variation a quantita- 
tive trait contributes to population growth, which 
raises the possibility that the eppomtunity for 
evolution is greatest in harsh environments. 

‘The associations we present (Fig. 1) also 
represent the strength of selection (22), Most 
evolutionary theory assumes that selection is 
finear (13), although nonlinear disruptive or 
stabilizing selection does dramatically alter evo- 
lutionary outcomes (23, 24). We found evidence 
‘of nontinear selection in each age and sex class 
and that selection operates via different demo- 
{graphic rates in males and females. For example, 
in prime aged adult females, the strength of 
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Fig. 4. The strength of selection (the local slope of the nonparametric functions in Fig. 1) on body 
‘weight that different components of the population experience. These curves illustrate nontinearity 
in selection and show that many individuals in the most numerous demographic classes (e.g...adult 
females) do not experience significant selection on body size. The frequency distributions show the 


number of individuals within each class. 
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selection on body size decreased with increasing 
‘weight (Fig, 4); with only individuals less than 
~20 kg experiencing significant selection; selec- 
tion also operated almost entirely via survival in 
this demographic class (Fig. 1). In contrast, it 
prime aged males, selection operated primarily 
via recruitment and inereased exponentially with 
‘weight (Figs. ! and 4), The form of the selection 
functions and the nomal distributions of indi- 
viduals in cach class (Fig. 4) suggest that non- 


linear selection will not maintain additive genetic 
‘variation within this population 

The shape and form of selection varied with 
time in a patter similar to the temporal fluc- 
tuations observed in the contribution of trait 
variation to population growth (Fig, 4C). 


‘when survival rates were low (SOM). 
‘example, the selection on 2- 10 6-year-old adult 
females seen at low weights (Figs. 1 and 4) was 
‘only apparent in erash years, Because selection 
did not vary in sign with environmental uct 
tions, fluctuating selection cannot be the mech- 
anism maintaining the genetic diversity observed 
in body weight, Because 20 years is a relatively 


short period, we suspect that the maintenance of 


additive genetic variance is due 10 pattems of 
selection not yet observed and antagonistic ef 
fects not yet detected, perhaps linked to traits not 
yet studied. 

In this paper, we have done two things, First, 
\we have shown how to caleulate the contribution 
Of variation in a quantitative trait to population 
growth, We found that trait variation ean make a 
substantial contribution —up to nearly 20% in 
some years. Contributions via different. denio- 
sgiphie classes and rates varied with time: they 
Were generally largest in years when many ine 
dividuals died. A decreasing temporal trend in 
the contribution of variation in body weight may 
be duc to environmental variation. Additive se- 
netic variation made comparatively small con- 
tributions to population grovvth, but selection on 
these traits can generate nontsivial ecological 
effects. Second, our findings describe the mods 
‘operandi of selection: In each demographic class, 
there is evidence of nonlinear selection; selection 
‘operates predominantly via survival in adult 
females and via recruitment in adult males: 
selection on large adult females is. weak but 
increases with body size in adult males: and the 
strength and pathways by which selection oper- 
ates varies with time, 

‘To extend these results to predict evolutionary 
change in size-telated traits, we noed 10 track 
both heritabilities and individual trajectories 
through trait space. However, given the non- 
linearities. we observed, making accurate pre- 
dictions will be challenging, It would also be 
informative to examine how nonadditive genetic 
‘variance and genetic by environment interactions 
tundepinning quantitative traits contribute 0 
population growth, We found tha, as the strength 
of selection increases, so too does the contribu 
of trait variation to population growth, This 
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link between selection and the ecological eon- 
sequences of evolutionary change has been 
apparent since Lande’s pioneering work (/4) 
Our results are a usefil step toward extending 
stochastic evolutionary demography toward. a 
theoretical framework that describes: population 
dynamics in terms of the quantitative traits on 
Which selection operates. Such a theory woul 
deseribe the feedback between ecological and 
evolutionary processes in a stochastic environ- 
‘mentand would illuminate the mechanisms shap- 
ing additive genetic variation and phenotypic 
variation, 
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The Latitudinal Gradient in Recent 
Speciation and Extinction Rates of 
Birds and Mammals 


Jason T. Weir* and Dolph Schluter 


‘Although the tropics harbor greater numbers of species than do temperate zones, it 


is not 


known whether the rates of speciation and extinction also follow a latitudinal gradient. By 
sampling birds and mammals, we found that the distribution of the evolutionary ages of sister 
sspecies—pairs of species in which each is the other's closest relative—adheres to a latitudinal 
‘gradient. The time to divergence for sister species és shorter at high latitudes and longer in the 
tropics. Birth-death models fiting these data estimate that the highest recent speciation and 
‘extinction rates occur at high latitudes and decline toward the tropics. These results conflict with the 
prevailing view that links high tropical diversity to elevated tropical speciation rates. Instead, our 
findings suggest that faster turnover at high latitudes contributes to the latitdinal diversity gradient. 


1€ pies possess many more species 
I than temperate regions, yet the under 
lying causes of this latitudinal gradient in 
species diversity are poorly understood (3). A 
number of authors have estimated net diversiti- 
‘cation rates (speciation minus extinetion) across 
4 latitudinal gradient and conchided that more 
species accumulate per unit time at tropical lt- 
tudes [including binds (4-7), primates (8), marine 
bivalves (9), foraminifera (10), and butterflies 
(A). By examining the age distributions of the 
‘youngest species of birds and mammals, and 
how they change with latitude, we examined the 
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contributions of recent speciation and extinction 
latitudinal gradient in net diversification 

studied a lane data set comprising the 
ages and midpoint latitudes of breeding rang 
for 309 sister species pairs of New World binds 
and mammals. We defined sister species as the 
most closely related pair of extant species de- 
scenged from an immediate common ancestor 
Their ages were estimated ffom genetic dis- 
tances of mitochondrial DNA. from the cyto- 
chrome b gene. The rate of evolution in this 
gene is approximately constant with time within 
binds and mammals (17-13) and has been used 
widely to date phylogenetic events in these 
groups. The average of the absolute value of 
midpoint breeding latitude for a sisterspecies 
pair was used to approximate the latitude at 
Which speciation occured. This approach is ea- 
sonable for sister-species pairs that have nanow 


latitudinal ranges, but greater uncer 
‘when latitudinal ranges ane broad. Excluding all 
species pairs with a combined latitudinal range 
(efined by the northem and southem limits for 
the pair) of greater than 40° did) not alféet the 
relationship between age and midpoint latitude, 
Latiuadinal ranges of species at high litudes 
have shifted in response 10 glacial eycles. How= 
ever. using the presumed latitudes of species 
ringes during past glacial maxima, when many 
temperate species were foreed southward, would 
only steepen the gradients estimated here, 

Near the equator, the ages of sister-specis 
pairs spanned the past 10 million years, with a 
‘mean age of 3.4 million years ago (Ma) (Fig, 14), 
AAs distance fom the equator increased, the up- 
‘Per limit and mean ages of sister species declinad 
significantly [slope = -0.043 = 02007 Maldegroe 
latitude (= SEM), students 1 test = -65, P 
0.0001, intercept = 3.37, degrees of fivedom 
(a1) = 307}. At the highest latitudes, all of the 
sister spocies diverged less than 1.0 Ma. This pat- 
tem of declining age with latitude is opposite 10 
the pattern that would occur if faster rates of spe- 
ciation had driven the buildup of Neotropical di- 
versity, because the ayes of sister species should 
bbe youngest where speciation rates are highest 

The differences in species ages between low 
and high latitudes is partly the result of a longer 
lag time in tropical faunas between population 
splitting, ax measured by genetic markers, and 
species designation (Fig, 1, Band C). The evi- 
dence for this lies in the coincident latitudinal 
gradient in the ages of the oldest haplotype 
splits within 154 curently defined species of 
birds and mammals (Fig. 1B) and in the oldest 
phylogroup splits within 130 species (Fig. 1C). 
Avise (14, 15) defined a phylogroup as a recip- 
rocally monophyletic geographic subdivision 
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Within a species. By examining sets of closely 
linked alleles (haplotypes), we were able to use 
maximum haplotype divergence as well as the 
age of the deepest phylogroup splits to compare 
the lag time to species formation, because spe 
cies at high latitudes are so young that most lick 
Phylogroups. Both haplotype and_phylogroup 
splits are okler in the tropics than in temperate 
zones, on average, implying that the process of 
speciation takes longer at low latitudes. This may 
be in part an artifact of the greater taxonomic 
uncertainty at lower latitudes, because a higher 
proportion of tropical species are currently un- 
described and thus considered together in our 
is. Nevertheless, taxonomic uncertainty is 
ly 10 be the sole cause of the gradient 
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This is because the latitudinal gradient in the 
ages of sister species és present even within the 
Nearetic fauna of North America, which is well 
defined taxonomically north of approximately 
BPN (slope = 0.041 = 0.017. 1 = 244, P 
0.017, intercept = 3.3, df = 99), Reproductive 
isolation, marking the completion of the spect 
ation process, usually takes time to evolve afer 
population splitting, and our data suggest that 
this process might take a longer period of time 
at lower latitudes, although we are not sure why 
this is the ease. 

There are diflerences in the age distributions 
fof sister species across the latitudinal gradient 
pant from the lag-time difference. Therefore, it 
may be possible to extract information about 
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Fig. 2. Relationship between time since splitting and average absolute midpoint latitude for sister taxa 
‘of New World birds and mammals. (A) Ages of 309 sister-spedies pairs of New World birds (left; 9 = 
191) and mammals (right; n = 118). Linear regression lines are shown for birds (slope = ~0.040, 


= 4.368, P < 0.0001, intercept = 3.38 Ma) and mammals (slope = 0.082, t= 8.258, P <0.0001, 


intercept = 3.26 Ma). (B) Ages of 154 maximum coalescent dates for intraspecific haplotype variation 
within bird (n= 81) and mammal (n = 73) species. Linear regression lines are shown for birds slope = 
0.028, t = ~4.58, P< 0.0001, intercept = 2.03 Ma) and mammals (slope = ~0.019, t = ~3.62, P< 


10,0006, intercept = 1.91 Ma). (C) 130 phylogroup splits for birds (n = 68) and mammals (n 
regression lines are shown for birds (slope = -0.018, t = -2.00, P= 


) Linear 
1049, intercept = 1.98 Ma) and 


mammals (slope = -0.016, t = ~2.67, P < 0.01, intercept = 1.91 Ma). 
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speciation (rate of cladogenesis) and extinction 
rates from the distribution of sister-species azes 
after comecting for the lag-time, because speci- 
ation and extinction ean be inferred by the shape 
age distributions of sister species. In phy 
logenetic simulations using @ pare birth model, 
in which speciation rates are constant through 
time and no extinction occurs (76), aes of sister 
species approximate an exponential distribution 
for which the mean is proportional 10 the 
Giation rate; adding a lag time shifts the mode 
the distribution toward the mean lag time. E 
tinction changes the shape of these distributions 
bby increasing the breadth of the tails (17), 

We used maximum likelihood to fit a birth- 
death (18) moxel in which speciation (2) and 
extinction (j) rates changed linearly across the 
Iatininal gradient 


A=hbt+a 
wah +6 (2) 


where L is the absolute value of tari 
the slope, and e is the rate at O° latitude, The 
model estimated the slopes (by. fy) and inter- 
cepts (c. 64) for the linear relationships. be- 
twveen A, Hand (Fig 2) by fitting data points 
at cach latitude to simulated probabil 
tributions of sister species ayes corresponding 
10 different values of speciation and ex 
in a reconstructed birth-death process (/7), We 
generated probability distributions of sister= 
spevies ages by simulating a lange number of 
phylogenetic trees under a birth-death process 
and recording the resulting distribution of sister- 
species ages for a range of parameter values. 
Simulated tees were comected for the lag ti 
to species recognition assuming that hag tim 
had an exponential distribution with mean equal 
cither to the average age of the oldest known 
haplotype splits, oF to the average age of phylo- 
2 0up splits within species at that latitude (17), 
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Fig. 2. Estimates of speciation (light gray) and 
extinction (medium gray) rates in millions of 
years (myr) across latitude (L) for New World 
birds and mammals. All rate estimates within 
1 log likelihood unit of the maximum likelihood 
estimate are shown. Region of overlap shown in 
dark gray. 
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‘The maximum likelihood model estimated 
significantly positive slopes for the relationship 
‘between % (support interval, 0.0076 to 0.0117), 
11 (support interval, 0,0046 to 0.0135), and lati- 
tude for the combined data set of bird and mam- 
inal sister species (Fig. 2), Results were similar 
‘when maximum haplotype or okiest phylogroup 
splits were used to correct for lag times, and only 
the conection with haplotypes is reported here 
Estimated speciation and extinction rates were 
Jowest at the equator and inereased significantly 
toward the poles (Fig. 2). The same trends were 
‘obtained when excluding sisterspecies pairs with 
combined latitudinal ranges greater than 40° and 
‘when bid and mammal data sets were fit sepa- 
rately, but results were not significant in the 
rmamimal data set, These results hold true even 
‘when correcting for the latitudinal gradient in haz 
time to speciation. We expect that better knowl 
‘edge of species-level taxonomy in the tropics will 
revise the lag time and sister-species age 
sgnidients. This revision should have minima in- 
fluence on the estimates of speciation and extn 
tion, given that they are adjusted for lati. 

‘These results are surprising because the lati 
tudinal gradient in estimated speciation rate is 
‘opposite to the gradient in net rate of diversifi- 
cation estimated by many studies to be highest 
in topical tax (4-10), For our data on sister 
species, the gradient in net diversification is not 
significantly different from ze1o (Py, 4). Still, 
the range of estimates for the net diversifica- 
tion gradient supported by this study is con 
sistent with estimates obtained elsewhere for 
binds (5). LF the yaidient is real, as other studies 
‘encompassing: longer time periods indicate (4-10), 
‘our findings would support the classic views of 
Wallace (/9), Fisher (20), and others (/2, 21,22), 
Who reported that reduces! extinction risks at 
tropical latitudes promoted the gradual buildup of 
high species diversity there. 

‘These quantitative estimates are based on the 
assumption that speciation and extinetion can be 
approximated by a continuous birth-death pro- 
‘cess as latitude becomes higher or lower. Yet, we 
Know that there have been fluctuation in the op- 
portunities for speciation and extinction over the 
past few million years (/2, 23). For example, 
‘extensive climatic Muctuations that oceurred at 
high latitudes during the late Pliocene and Pleis- 
tocene (2,5 Ma to present) may have concen 
trated speciation and extinction events in time 
resulting in episodic species tumover. In contrast, 
the bursts of diversification in tropical funas 
may predate the late Pliocene and Pleistocene, 
and the pattems observed today may be the re- 
sult of a subsequent decline in diversification 
cither because the geological processes that pro- 
moted diversification (ex. formation of Isthmus 
‘of Panama, marine incursions, orogeny. and river 
formation) have slowed or because diverstica- 
tion rates declined as the number of tropical 
species approached a “carrying capacity” (7, 12). 

Given such variability, our estimates are best 
reganed as averages over the periods studied 


Despite these uncertainties, our results suggest 
that elevated speciation and extinction rites in 
the temperate zone can drive high tumover of 
species, whewas rates of species tumover at 
tropical Ititudes are reduced. A recent study of 
fossil marine bivalves also showed higher per 
capita rates of genus extinction at high latitudes, 
‘suggesting higher species extinction rates as well 
(24 (estimates of per capita speciation rates are 
Still lacking). Together, these results suggest that 
extinction rates are greatest where species di- 
Versity is lowest. Whereas most efforts have 
aimed at identifying the geological, climatic, and 
ecological factors that might have elevated trop- 
| speciation rates, our results sagwest that both 
speciation and extinction vary with latitude and 
contributed importantly to the latitudinal diversi 
ty gradient 
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Disrupting the Pairing Between 
let-7 and Hmga2 Enhances 
Oncogenic Transformation 


Christine Mayr,> Michael T. Hemann,? David P. Bartel™ 


‘MicroRNAs (miRNAs) are ~22-nucleotide RNAs that can pair to sites within messenger RNAS to 
‘specify posttranscriptional repression of these messages. Aberrant miRNA expression can contribute 
to tumorigenesis, but which of the many miRNA-target relationships are relevant to this process 
has been unclear. Here, we report that chromosomal translocations previously associated with 
human tumors disrupt repression of High Mobility Group A2 (Hmga2) by let-7 miRNA. This 
disrupted repression promotes anchorage-independent growth, a characteristic of oncogenic 
transformation. Thus, losing miRNA-directed repression of an oncogene provides a mechanism for 
tumorigenesis, and disrupting 2 single miRNA-target interaction can produce an observable 


phenotype in mammatian cells. 


"mga? codes for 4 small, nonhistone, 
chromatin-sssociated protcin that has 
no intrinsic transcriptional activity but 


can modulate transcription by altering the chro- 
matin architecture (/. 2). Hmga? is primarily 


expressed in undifferentiated proliferating cells 


during embryogenesis and in a wide variety 


benign and malignant tumors (3-6). In many of 
these tumors, a chromosomal translocation at 
12q15 truncates the human H.MGA2 open read- 
ing frame (ORF), typically retaining the three 
DNA-binding domains of HMGA2 while re- 
placing the spacer and the acidie domain at the 
CC temminus by any ofa wide variety of ecto 
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Fig. 1. Chromosomal 
translocations involving 
HIGAZ, and the influence 
of le-7 on protein expres- 
sion, (A) Translocations 
‘involving HMIGA2 and nu- 
merous translocation part 
ners (3-10) (SOM text. 
‘These translocations gener- 
ate a truncated HMGAZ 
mRNA lacking the let-7 
complementary sites of 
the wild-type mRNA and 
are associated with the 
indicated tumors. In. its 
3° UTR, human HMIGA2 has 
seven let-7 complementary 
sites, all of which are con 
served in the mouse, rat, 
‘dog, and chicken (14). Ay 
polyadenylate til. (B) RNA 
blot detecting ft-7 RNA in 
different cell ines. The blot 
‘was reprobed for U6 small 
ruclear RNA (snRNA), and 
{et-7 signal normalized to 
that of U6 is indicated, 
(©) Western blot monitor- 


ing endogenous Hmga2 48 hours after transfection of F9 cells with the indicated miRNA duplex. The 
blot was also probed for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and the normalized 
Hmga2 signal is indicated. (D) Western blot monitoring endogenous Hmga2 at 24 (left) and 48 (right) 
hours after transfection of NIH3T3 cells with the indicated 2”-O-methy oligonucleotide (2-O-Me). The 
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blot was probed also for GAPDH, and the normalized Hmga2 signal is indicated. 
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Fig. 2. Luciferase reporter assays showing the 
influence of miRNA-target pairing. (A) Design of 
Luciferase constructs, The 3° UTR of murine 
‘Hmga2 was appended to the Luciferase ORF 
(Luo), let-7 complementary sites are indicated 
(vertical red lines), as are mutant sites (black Xs). 
The Lucm?, Lucm4, and Luc-m2 were identical 
to Lucewt, except they had seven, four, and two 
mutant sites, respectively, Each mutant site had 
two point substitutions that disrupted pairing to 
{et-7 but created pairing to mutant let-7 (mlet 
bottom, in blue). The seven sites were ident 
in a search for conserved 7- and 8-nucleotide 
‘motifs (7mer and Bmer) matching the seed region 
of let-7 (15). (B) Reporter repression in F9 cells 
supplemented with the indicated miRNA, Bars are 
‘colored to indicate the number of sites mutated in 
the reporter. Shown are median repression values, 
with error bars indicating 25th and 75th percentiles; 
‘n= 12, except experiments with no added miRNA 
©, in which n = 36, Within each quartet, activity 
was normalized to that of the Lucm7 reporter, 
‘except for the miet-7 quartet, for which activity was 
normalized to that of the Luc-m7 reporter with 
rnoncognate miRNA (miR-124). (C) Reporter repres- 
sion in NIH3T3 cells (top) or HeLa cells (bottom) 
‘supplemented with the indicated miRNA, performed 
and displayed as in (B). We also noticed two 
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sequences (3-5, 7-10) (SOM text) (Fig. 1A). 
The loss of the C-terminal region is nearly 
always presumed to be the cause of oncogenic 
transformation. However, the translocations also 
replace the 3 untranslated region (3° UTR), and 
lage fiagments of the Hing? 3” UTR confer 
repression to luciferase reporters, which has led 
to the idea that transformation might be caused 


by the loss of repressive elements in the UTRs. 
(), Indeed, chromosomal rearrangements. in 


expression of the wild-type Hmga2 protein 
G.4, 10), Moreover, ansgenic mice overexpress 
ing wiklaype Hmga2 have similar phenotypes 10 
those expressing the truncated protein; both 
develop abdominal lipomistosis, then Iympho- 
mas, pituitary adenomas, and lung adenomas 
Q.72.13) 

‘The Hnnga2 ¥° UTR has seven conserved sites 
‘complementary to the let-7 RNA (14), miRNA 
expressed in later stages of animal development 
(25), leading us to suspoct that disrupting fe 
regulation of Hmga2 might lead to onco 
transformation, Consistent with this idea, intro- 
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additional /e-7 complementary sites in the murine Hmga2 mRNA, but located in the 5' UTR. When tested in luciferase reporter assays, these sites mediated 
little or no repression in the different cel lines, and the mutant sites did not respond to mlet-7, indicating that any effects observed with the 5’ UTR sites were not 


miRNA specific. 
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ducing Jet-7 RNA repressed Hmga2 in F9 cells 
(Fig. 1C), an undifferentiated embryonic carci- 
noma cell line that does not express detectable 
let-7 RNA (Fig. 1B), Moreover, introducing a 
2-O-methyl oligonucleotide (6, 17) comple- 
mentary 10 fe-7 RNA enhanced Hmga2 in 
NIHIST3 cells (Fig, 1D), acell fine that naturally 
expresses let-7 (Fig, 1B), These effects were 
specific in that they did not oceur with non- 
‘cognate miRNAs (mlet-7 and miR-101, 
‘or a noncounate inhibitor (miR-124 2 
Fig. 1D). 

To test whether let-7 directly targets the 
Hmga2 3° UTR, we constructed reporters with 
the wikltype 3 UTR (Luc-wt) and the UTR 
‘ith point mutations disrupting all seven sites 
(Luc-m7), the four distal sites (Luc-m4), or the 
‘hwo most distal sites (Luse-m2) (Fig. 2A). In P9 
cells, the degree of repression corresponded 
to the number of intact sites and depended on 
cotransfection of the le-7 miRNA, whereas 
cotransfection of an unrelated miRNA had 
Tittle effect (miR-124, Fig, 2B). The repres- 
sion profile inverted when the fer-7 miRNA 
was replaced with a mutant miRNA, mde? 
(Fig, 2B), which was designed to recognize 
the mutant sites instead of the wild-type sites 
(Fig. 2A). This rescue of repression with com 
pensatory changes in the miRNA confimed 
targeting specificity and the importance of 
direct pairing between the sites and the 
miRNA. 

To examine repression directed by endox- 
cenious fet-7, we repeated the reporter assays 
Using NIM3T3 cells and HeLa cells, which 
naturally express /et-7 (Fig. 1B). In both cell 


types, reporter repression depended on the 
wild-type sites, as would be expected if the 
endogenous let-7 miRNA directed repression 
(Fig. 2C), Adding exogenous let-7 RNA e 
hanced repression, suggesting that let-7 RNA 
was subsaturating in these cells, Adding mu- 
tant /et-7 also caused reporters with mutant 
sites to be repressed. Adding mlct-7 or miR- 
124 decreased repression of the reporter with 
wild-type sites (particularly in HeLa cells), 
as if the transfected miRNA was competing 
with endogenous /et-7 RNA for a li 
factor. 

Having established that the sites within the 
Hmga2 3 UTR could mediate let-7-directed 
repression, we texted whether disrupting this 
repression could promote oncogenic transfor- 
mation. Assays for anchorage-independent 
growth were performed with NIHBT3 eclls, 
Which form colonies in soft agar when sta- 
bly transfected with a potent oncogene. Sta- 
bly transfecting a vector expressing wild-type 
Hinga2 did not significantly increase the num 
ber of colonies compared with transfecting 
an empty vector, whereas transfecting a vector 
expressing a truncated Hmea? (Iimga2-tr) 
(Fig, 3A), shown previously to pron 
anchorage-independent growth (18), produced 
significantly more colonies (Fig. 3B), As in 
human tumors, Hmga2-tr lacked the spacer. 
the acidic domain, and the entire 3° UTR with 
its miRNA complementary sites (Fig. 3A), 
The increase in colonies was attributed to the 
Joss of fet-7 repression rather than the trunca- 
tion of the protein because stably expressing 
Hg, h had the full ORF but 


Fig. 3. Soft-agar assay for A. Ste ‘Stes Stes Stes 
anchorage-independent growth. ee eee 
(A) Hmga2 constructs used for m2 

stable transfection, depicted as in Hm — ECESIMHA(n) 

Fig. 2A, (B) Colony formation. For jingu2.OnF Sa =) tA, 
cells stably transfected with’ the f 
indicated vector, the percentage 4°02? ==) AAT 
that yielded colonies after 26 days not VS: 
is plotted (horizontal tine, median; nga. SS eeeeeattoeeeXeAy 
bor, 25th through 75th percentile; = 

‘ertor bars, range; n = 12 from four 

independent experiments, each in 7. rs 

triplicate), All but Hmga2-wt  ~¢ ————| 

yielded a significantly higher num- 6. s 

ber of clones than i the emely 

vector (Mann-Whitney test for C 

‘each, P < 0.05). When compared i 

with Hmga2-wt, a significantly § * 

higher number of colonies was ob- 2s. 

served for Hmga2-tr (P = 0.003). 8 

Himga2-m7 showed significantly 2. 

more colonies than any of the i 

other constructs tested P< 0.05 Bs ep 

fr each, “P= OH “P= j 

0.002; ***, P = 10°), No signifi- 

cant difference was observed be- foo RP? ee Se ae 


tween Hmga2-t and the construct 
with the truncated ORF (P = 0.61). 


disrupted let-7 complementary sites (Fig. 3A), 
produced at least as many colonies as Hmga2-1, 
‘whereas stably expressing Hmg2-ORFi, which 
hhad the truncated ORF but intact miRNA com- 
plementary sites (Fig. 3A), produced a number 
comparable to that of Hmga2-wt (Fig, 3B). 
Stably expressing Hmgi2-m4, which retained 
the first three /et-7 sites, led to an intermediate 
number of colonics. 

‘We next tested whether the stably transfected 
cells used to assay anchorage-dependent growth 
‘were also able to form subcutaneous tumors in 
nude mice. Consistent with our sofl-agar results, 
tumors were observed when injecting cells 
expressing constructs with mutated /et-7 sites 
Afler 3 weeks, three of four mice injected with 
Hmga2-m7 cells and two of four mice injected 
‘with Hmga2-m4 cells had tumors atthe sites of | 
injection. One of Four injected with Hmga2-tr 
cells and one of four injected with Hmga2~ 
ORFir also had tumors, whereas no tumors 
‘were observed $ weeks after injecting cells 
stably transfected with either wild-type Hmga2 
‘or empty vector. 

Taken together, our results support the pro- 
posal that the /et-7 miRNA acts as a tumor 
suppressor gene (/9, 20) and indicate that a major 
mechanism of oncogenic Higa? 


12 translo- 
cations associated with various human tumors 
is the loss of fet-7 repression, Thus, loss of 
miRNA -dtirected repression of an oncogene is 
another type of oncogene-activating event that 
should be considered when investigating the 
effects of mutations associated with cancer. 
Likewise, mutations that ereate miRNA-tirected 
repression of tumor-suppressor genes might 
also impart a selective advantage to the tumor 
cells. In this regard, we note that Hmga? t 
locations frequently append the Hmga2 3" UTR 
to the 3 end of known tumor-suppressor genes, 
including FHIT, RADSIL/, wd HELO (3,8, 9), 
suggesting that fet-7-directed repression of 
these translocation partners. might cooperate 
‘with disrupting Hmga2 repression to promote 
tumorigenesis. 

Vertebrate miRNAs can cach have hun- 
dreds of conserved targets and many additional 
nonconserved targets (15, 2/-25), all of which 
have confounded exploration of the biological 
impact of particular miRNA-target relation- 
ships. In worms, flies, and plants, repression of 
particular targets is known to be relevant be- 
cause genetic studies have investigated what 
happens when that target alone is not repressed 
by the miRNA (26-28), Because of the pos- 
sibility that multiple interactions might need 
to be perturbed to observe a phenotypic conse- 
quence in mammals, it has been unclear wheth- 
er the importance of a particular mammalian 
miRNA target interaction can be demonstrated 
experimentally. Our results, combined with 
previous cytogenetic studies that speak to the 
effect of misregulating the endogenous human 
HMGA2 gene, show that disrupting miRNA 
regulation of Higa? enhances oncogeti 
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formation, thereby demonstrating that disrupt- 
ing miRNA regulation of a single mammalian 
ene can havea cellular phenotype in vitro and 
a clinical phenotype in vivo. 
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Suppression of MicroRNA-Silencing 
Pathway by HIV-1 During 


Virus Replication 


Robinson Triboulet,* Bernard Mari,” Yea-Lih Lin,? Christine Chable-Bessia,* Yamina Bennasser,* 
Kevin Lebrigand,? Bruno Cardinaud,? Thomas Maurin,® Pascal Barbry,” Vincent Baillat,* 
Jacques Reynes,* Pierre Corbeau,” Kuan-Teh Jeang,” Monsef Benkirane™* 


‘MicroRNAs (miRNAs) are single-stranded noncoding RNAs of 19 to 25 nucleotides that 
function as gene regulators and as a host cell defense against both RNA and DNA viruses. 


‘We provide evidence for a physiological role of the miRNA-silencing mac 


ery in controlling 


HIV-1 replication, Type Ill RNAses Dicer and Drosha, responsible for miRNA processing, 
inhibited virus replication both in peripheral blood mononuclear cells from HIV-1~infected 
donors and in latently infected cells. In turn, HIV-1 actively suppressed the expression of the 
polycistronic miRNA cluster miR-17/92. This suppression was found to be required for 
efficient viral replication and was dependent on the histone acetyltransferase Tat cofactor 
PCAF. Our results hightight the involvement of the miRNA-silencing pathway in HIV-1 


replication and latency. 


NA silencing isa mechanism for gene 
R sai sis sa cng 

RNA (/) as well as an innate host cell 
se mechanism against viruses (2, 3) 
MicroRNA (miRNA) genes are most often tran- 
ed by RNA polymerase Hl and the result- 
ing. primary (pri) miRNA i processed in the 
nucleus by the RNAse type Il Drosha to 
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[produce precursor (pre) miRNA. Pre-miRNAs 
are then exported to the cytoplasm by exportin 
$ and processed into miRNA miRNA (guide: 
passenger) duplexes through the action of the 
cytoplasmic type IML RNAse Diver. miRNA’ 
miRNA* is incoporated into the RNA-induced 
silencing complex (RISC) where miRNA* is 
degraded, with miRNA serving as a guide for its 
MRNA target. miRNA-armed RISC can enforce 
either degradation of mRNA (in the case of 
perfect sequence complementarity) or ink 
bition of mRNA translation (in the case of 
imperfect sequence complementarity) (3). Accu- 
rmulating evidence suggests that the miRNA 
pathway also controls the replication of both 
RNA and DNA viruses (4) 

To address whether the miRNA-sikencing 
machinery influences HIV-1 replication, we 
used specific small interfering RNA (siRNAS) 
to reduce the expression of endogenous Dicer 


and Drosha in peripheral blood mononuclear 
cells (PBMCs) from HIV-1 infected donors 
who had been either CDS) T cell-depleted to 
facititate virus production (5) (Fig. 1A) oF not 
(Fig. 1B) (6-8), On the basis of reverse tran- 
scription polymerase chain reaction (RT-PCR) 
performed on total RNA isolated from cell, 
we verified that both Dicer and Drosh: 
mRNAs were efficiently reduced (Fig. 1), When 
siRNA-transfeeted CDX* T cell-depleted 
PBMCs were cocultured with activated PBMCs 
wy donors, HIV-1 from Dicer and 
ed-down cells replicated with 
faster kinetics compared 10 virus from cells 
transfected with nonfunctional Dicer and Drosha 
SIRNA control (Fig, 1A). When total PBMCs 
from infocted donors were used, this effect was 
‘more pronounced (Fig. 1B) 

The repressive effect of Dicer and Drosha 
con HHIV-1 replication was also observed in tae 
tently infected UI cells, which express  mu- 
tant of HIV-1 Tat protein unable to efficiently 
activate the long terminal repeat (LTR) re- 
quired for efficient viral transcription (9) and 
consequently produce a low amount of virus 
(fig. SLA), HIV on and replication 
‘were also more efficient in Dicer or Droshi 
kmocked-down Jurkat cells, compared with 
control siRNA transected cells (fig, STB), Be- 
cause knockdown of Dicer and Drosha is 
transient, the observed effect on vinis rep- 
fication suggests that Dicer and Drosha- 
mediated repression of viral gene expression 
takes place early during virus replication ( 
SIC). To verily this, we evaluated the effect 
of Dicer and Drosha knockdown in a single- 
round infection assay in which cells were 
infected with HIV-1 that harbored a luciferase 
gene (HIV-1VSV-Luc) pseudotyped with ve- 
sicular stomatitis virus (VSV.G) envelope. In a 
single-round infection assay. we observed by 
luciferase activity that knockdown af Dicer 
or Drosha increased virus production when 
compared with control siRNA-transfected 


infect 
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Jurkat cells (fig. S1B), Thus, both Dicer and 
Drosha contribute to the suppression of HIV=1 
replication. 

The findings from knockdown of Dicer 
and Drosha likely arise from complex effects 
fon non-miRNA and miRNA pathways that 
Influence the processing of eellular and Vi 
ral miRNAs (/0). To determine the ability of 
HIV-1 10 modulate the expression level of 


denpetcraanee 


cellular miRNAs involved in its replication, 
the expression profile of cellular miRNA in 
infected and noninfected Jurkat cells were 
compared with microarray analysis (Fig. 2A 
and fig, $2). Eleven miRNAs were up-regulated 
upon infection, including miR-122, miR-370, 
miR-373* and miR-297, moieties detected 
only in IIIV-I infected cells. A polyeistronic 
miRNA chister, miR-17/92—which recently 


0 tae owt) 


Fig. 1. Dicer and Drosha are required for suppression of HIV-1 replication. Viral production from 


CD8+ T cell-depleted PBMCs (A) and undepleted 


PBMCs (B) transfected with siRNA as indicated. 


SiRNA-transfected cells were either analyzed for expression of Dicer and Drosha mRNA by RT-PCR 


48 hours after transfe 


3 (top) or cocultured with activated PBMCs from healthy donors (bottom). 


Virus replication was monitored every 3 or 4 days after coculture by measuring p24 viral antigen in 


culture supernatant. 


A 


er poston 


Fluorescence (A.U) 


° 
miR-I7-3p miR-17-Sp miR-18a 
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miR-19 miR-19b-] miR-20a miR-92-1 


was found to be involved in genomic am- 
plification in malignant lymphoma and tung 
cancer (/1-13)--was substantially decreased 
upon HIV-1 infection (Fig. 2B), miR-17/92 
encodes miR-174Sp 3p), miR-I8, miR-19a, 
smiR-20a, miR-19b-1, and miR-92-1 (/-), The 
microarray results were confirmed for all the 
indicated miRNAs by Nonthem blotting (Fig. 2C 
and fig. S2C), Knockdown of  prismiR-1792 
with specific siRNA enhanced HIIV-1 product 
in Jurkat cells (fig. S4), supporting the 
pretation that down-regulation of miR-17/92 
ects virus replication. 

‘Sequence analysis indi miR-17/92 
docs not directly tanget the viral genome (6-8), 
which suggests that miR-17/92 might affect 
tion by targeting cellular pro- 
tcin(s). Indeed, we found that histone a 
lase PCAR has four potential target sequ 
in its UTR for miR-17-Sp and miR-2 
S3A). Because PCAF is an important cofactor 
for Tat in HIV-1 gene expression (/5, 16), we 
asked if miR-17-Sp and miR-208 might spe- 
cifically target PCAF mRNA, HeLa cells were 
transfected with cither nonfunctional sik 
PCAF-specific SIRNAS, or separately with 
either miR-17-Sp or miR-20a, Expression lev~ 
els of endogenous PCAF protein (Fig, 3) wats 
reduced in PCAF siRNA- or miR-17-Sp- or 
miR-203-transfected cells. By contrast, PCAF 
anRNA (Fig, 3B) was reduced by PCAF siRNA 
but not by miR-17-Sp and 20a, When dif: 
ferent siRNAs or miRNA Were cotransfected 
with a PCAF expression vector lacking the 
¥UTR region of the gene, only the siRNA 
specific for PCAF's coding region affected the 
level of ectopically expressed PCAF (Fig, 3). 
We confirmed these results using a reporter 


Fig. 2. Expression of the miR-17/92 cluster is 
down-regulated during HIV-1 infection, (A) HIV-L 
replication in pNL4-3-infected Jurkat cells was 
quantified by measuring p24 antigen in culture 
suupematants every 3 or 4 days. (B) Expression of 
the miR-17/92 cluster members during HIV-1 infec- 
tion, miRNA from infected (INF) and noninfected 
(NLANF) Jurkat cells at days O and 21 were directly 
labeled as previously described (25) and hybridized 
fon microarrays. Results show normalized fluores: 
cence intensity for all probes corresponding to the 
‘miR-17092 cluster in each condition (n = 4). (C) 
Northern blotting and RT-PCR analyses of pNL4-3~ 
infected cells. Total RNA from infected and non- 
infected Jurkat cells was extracted and analyzed 
either by Northem blotting with the indicated 
probes or by RT-PCR with the indicated primers. 


wwnw.sciencemag.org 


construct in which PCAF UTR was inserted 
downstream of the renilla luciferase stop 
codon (Fig, 3D). Collectively, our results are 
nsistent with miR-17-Sp and miR-20a 
geting the UTR region of PCAF to inhibit 
mRNA translatio 

“To understand the funtion of miR-17°92 in 
HIV-1 replication, PBMCs from HIV-1 infected 
donors Were transieeted separately with mike 
17-5p, miR-20a, oF control siRNA, and HIV. 
replication was monitored by measuring HI 
p24 antigen in culture supematant. Transfec 
tion of miR-17-5p or miR-20a substantially 
reduced HIV 
ilar results also scen when the same experi 
ments were performed in UL (lig. SSD) or 
Jurkat (Lig. SOB) cells 

‘To further analyze the involvement of 
miR-17-Sp and miR-20a in controlling PCAF 
expression and HIV-I replication, we used 
miRNA inhibitors (6). Transfection with anti- 
miR-17-Sp or anti-miR-20a, compared with 
control transfection, enhanced PCAF expres 
sion and HIV-1 proxluction (Fig. 4B). Converse 
ly, overexpression of miR-17-Sp, 
for siRNA specific for PCAF UTR reduced 
PCA expression and HIV-1 production in 
transfected Jurkat cells (Fig. 4C). These re- 
sults support roles phiyed by: miR-17-Sp and 

20a lating PCAF expression and 
HIV rep! 

If PCAF isa critically relevant factor up- 
regulated by knockdown of Drosha oF Dicer. 
then one prediction would be that coinhibit- 
ing PCAF with Dicer/Drosha would parly 
mitigate the positive effect on HIV-I replica- 
tion seen with single knockdown of Dicer 
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Drosha. To test this reasoning, we compared 
HIV-1 production in Jurkat cells that had 
‘been knocked down for both PCAF and either 
Drosha or Diver (Fig. 4D) with cells knocked 
down only for Drosha or Dicer. Virus en- 
hancement observed with Drosha Dicer knock- 
down was indeed attenuated when PCAF also 
was knocked down (Fig. 4D). 

Because PCAF is a cofactor for Tat trans- 
activation of an integrated HIV-1 (17), we 
next wanted to contin that this effeet was Tat- 
dependent. To do this, knockdown of Drosha 
decreased Tat-mediated transactivation of an 
integrated HIV-1 LTR construct (fig. $5) 
These results verify that PCAF is a factor down- 
stream of Drosha and Dicer knockdown, 
which mediates enhanced HIV-1 replication 
However, knocking down Dicer and Drosha 

way also reduce the cells’ ability to process 
‘other RNAs, including autoinhibitory siRNA\ 
miRNA from the HIV-1 genome (/0, 18, 19), 
The finding that overexpression of PCAF in 
Jurkat cells knocked down for Drosha or 
Dicer does not significantly inerease HIV pro- 
duction is partly compatible with this result 
6A). The above analysis 
istuption of PCAF Tat by miR-17- 
20a contributes 10 the effect of HIV-I repli- 
cation by Drosha/Dicer knockdown (Fig. 4E). 
However, we observed that the inhibition of 
HIV-1 production by miR-17-Sp and miR-20a 
(fig. $6, B and C) was compensated for by 
transfection with a PCAF expression vector 
lacking its UTR sequence (Fig. 4). These 
results verify that the anti-HIV effect of miR- 
17-Sp and miR-20a does operate through the 
PCAF/Tat pathway (16). 


REPORTS. [ 


Fig. 3. PCAF mRNA is a target for miR-17-5p 
‘and miR-203. Western blot (A and C) and RT-PCR 
(B) analysis of PCAF expression in Hela cells 
transfected with the indicated siRNA or miRNA 
[@) and (B)) or cotransfected with siRNA or 
‘miRNA and a PCAF expression vector lacking the 
3'UTR (©. Proteins were analyzed by Western blot 
with antibody to PCAF (A and C). Total RNA was 
‘analyzed by RT-PCR using PCAF- or GAPDH 
specific oligonucleotides (B). (D) Hela cells were 
‘cotransfected either with psiCHECK-2PCAF'UTR 
‘or with psiCHECK-2 and siRNA or miRNA, as 
indicated on the figure. Renilla and firelly lucif- 
‘erase activities were measured 24 hours after trans- 
fection. Results are represented as the ratio of 
renilla luciferase (RU to firefly luciferase (FL. 


We provide evidence for an intr 
iological interplay between the cell's miRNA 
machinery andl an invading virus, HIV-1. W 
report three salient findings: First, that Droshi 
and Dicer contribute a central role in human 
cells to a defense against HIV-1. Second, a 
portion of Drosha and Diver's effect is ex 
plained by a PCAF-miR-17-SpmiR-20 axis, 
although the entirety of Drosha and Dicer influe 
ence on HIV-1 replication likely involves addi 
tional cellular and viral miRNAs (70, 18, 20, 21), 
Third, HIV-1 infection suppresses the expres- 
sion of miR-17-Sp'miR-20. These findings may 
help address the current challenge of how to 
activate latent viral reservoirs in HIV therapy 
Q22%, 
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Escape from T cell-mediated immune responses affects the ongoing evolution of rapidly evolving 
viruses such as HIV. By applying statistical approaches that account for phylogenetic relationships 
‘among viral sequences, we show that viral lineage effects rather than immune escape often explain 
apparent human leukocyte antigen (HLA)-mediated immune-escape mutations defined by older 
analysis methods, Phylogenetically informed methods identified immune-susceptible locations with 
‘greatly improved accuracy, and the associations we identified with these methods were 
‘experimentally validated. This approach has practical implications for understanding the impact 
‘of host immunity on pathogen evolution and for defining relevant variants for inclusion in 


vaccine antigens, 


IV escapes the immune system of the 
H nan hoe by sat, a hs 

tational pattems may identify regions 
important for host immune recognition. Cyto- 
toxie T lymphocytes (CTLs), part of the adaptive 
immune response, recognize short peptide fi 
ments called epitopes, cleaved from viral pro 
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Table 1. Summary of the 60 HIV mutation-host HLA associations driven by 
different subtypes. The number of associated sequence positions for each 
HU\ is given in the “No. of associations” column. Populations with high 
frequencies of a given HLA are noted (14-16) and are as expected given the 
subtypes: CRFOI is common in Asia, C in Arica, and B among Europeans, 
North Americans, and Australians (www.hiv.lanl.govcomponentshhiv-dby 


teins and presented on the surface of infected 
cells by human leukocyte antigens (HLAs). 
Rapid emengence of sequence Variation with 
some HIV epitopes provides clear evidence for 
host-driven immune selection during infection 
(4), HILAS are highly polymorphic and « 
‘only present viral epitopes that have the ap- 
propriate amino acid composition to enable bind- 
wg. and so people carrying the same HLA alle 
have a shared potential to recognize the sume 
epitopes. The viral sequence is therefore, expecta 
to show patterns of mutations that correlate with 
the host's HLAs. A population stuxly in Perth, 
Australia (5), indicated that 43% of positions in 
HIV Pot protein had polymorphisms potentially 
associated with HLA A and B alleles. 
Although the Moore ef af, study used pol 
momphisms elsewhere in the HIV protein as wel 
as HLA alleles as explanatory variables in the 
rmuhiple regression analysis, it did not explicitly 
control for viral lineage founder effects: Rela- 
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tively closely related sets of viruses among 
contemporary viral sequences share some amino 
acids simply by vinwe of common descent and 
should not be treated as independent. We have 
now developed a methodology to account for 
these genetic relationships, Newer sequence dita 
fiom Perth (6), consisting of intermittent frag- 
ments spanning different genomic regions of 
MILV-1 from 234 individuals along, with 
resolution HLA genotyping results, were used to 
explore the importance of lincage effects (0, 7) 
Because reliable phylogenetic analysis requires 
Jong continuous stretches of sequence data, we 
restricted our analyses to the longest continuous 
sequence length available from a reasonably 
lange set of subjects, 1732-base pair (bp) region 
starting in p17 gay and ending in pol fiom 96 
sequences (82 subtype B, 2D, & C, and 4 
circulating recombinant for CRFOL sequen 
We first analyzed all 234 available soqu 
‘over this 1732-bp stretch using methods similar 
to those of (5) and including HLA class I alleles 
se that we could compare our methods directly 10 
those previously employed. We found 346 
associations between host HLA and HIV mute 
tions, with an unconrected P-value of <0.05, 
Comecting for multiple tests, 80 out of 346 
associations had a q-value (8) of <0.2 (tht is, an 
estimated 80% of these are true positive 
comelations), OF these 80 associations, 32 were 
with HLA C1701, and viral subtyping of the 
sequences bearing the associated substitutions 
revealed that all were subtype C virus, in this 
‘primarily subtype B cohort Importantly, subtype 
is prevalent in southem Affica, and HLA 
C1701 is common only in Aftica(9), Thus, any 
substitutions distinguishing the C and B subtypes 
Would appear to be associated with C1701 
Sixty out of 80 associations could similarly be 
explained by an association of the HLA class 1 
allele with the subtype of the virus (Table 1, Fig 
1A)and, consequently, most likely explained by 
the demographic and geographical structure of 
the HIV epidemic rather than immune pressure, 


immunology database was searched (www.hiv.lanl.gov/contenvimmunology/) 
for HUA-related epitopes that span the site of interes; the only one found was 
‘A2 epitope TLOEOIGW (17), Associations embedded in potential epitopes & to 
112 amino acids long based on HLA anchor motifs (wirw.hivlanl.govicontent/ 
‘immunology/motit_scan/motif_scan) are also noted. Trees used for reanalysis 
‘of all 80 HUA-base pair associations can be found at wwm.santafe.ed/ 


ne_geographyigeagraphy.comp?region=nord&form=all. The HIV molecular ~tanmoy’Science/TableW/. 
HUenriched No. of-—=—No. of known No, of potential 

HIN Subtype/CRF populations associations epitopes epitopes Motifs 

car701 c ‘lrican 32 0 4 A. 

Re1"1401 cro Oriental 18 o 5 Unknown 

RB1‘0101 8 Caucasoid 2 ° 1 ‘YLFAMW. LAIVMIN.AGSTCP. LAIVNFY 

co10z caro Oriental, 1 ° o 

0702 8 Caucasoid ri ° o 

40201 8 Caucascid 1 1 1 

°0207 cron Oriental 3 ° 1 

co701 8 Caucasoid 2 ° o 

Total 6 1 7 
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Although confounding effects due to mixed 
‘subtypes are relatively easy to detect, viral lineage 
effects that give rise to within-subtype phykoge- 
netic clusters are aso relevant. We therefore de- 
Vised two strategies to account forthe fact that vial 
sequences elated by phylogeny are not statistically 
independent samples. First, a maximum-likelihood 
phylogeny was used w infer the mutations that kad 
to the observed viral soquences, and these inferred 
‘mutations were tested forcomelation with the HILA 
‘ofthe host carrying the sequence (Fig. 1), Weabo 
uscd a likelihood-ratio test to locate sequence pesi- 


tions where postulating HLA pressure, in addition 
to the inferred phylogenetic structure, better ex- 
plains the data. These two statistics yielded similar 
predictions (Table 2), and bot suppor lineage 
founder effects, rather than HLA-mediated im- 
mune escape, forall 60 associations in Table 1, 
Twenty associations remained that were not 
subtype driven (Table 2). In two cases, the uncor- 
rected signal arises from a few clusters of viral 
sequences, rather than many independent events 
(Fig. 1B and Table 2), In both eases, the relevant 
Within-clade clusters were not themselves the 


consequence of HLA-mediated selection, because 
they were also found in tes generated from only 
silent substitutions, which should be independent 
of immune pressure. Seven of the original 20 as- 
sociations were strongly supported as HLA- 
mediated escape or reversion, after consideration 
of the phylogeny (Table 2 and Fig, 1C), and 13 
additional associations, missed by the simple 
analysis, were abo identified (table $1), These 
associations were also supported by trees that 
excluded potential intrasubtype recombinants 
and by a bootstrap analysis (Table 2) 


a) 


C __setgo2 ppsttion 


4902 position 1903 (Asn) 
Ges 
——— 


Fig. 1. Phylogenetic trees illustrating associations due to subtypes (A), 
lineages within the subtypes (B), and HLA-driven escape (C). Maximum 
likelihood is used to infer the tree and the sequences at internal nodes. 
The probability of the amino acid studied is indicated by the numbers O 
through 9 or the letter X: 0 represents < 0.05, 1 between 0.05 and 0.15, 
etc, and X > 0.95, The color of the symbol indicates the most likely 
amino acid. Subjects with the HLA under consideration are followed by a 
magenta line; those without the HLA, a dark gray line; and controls with 
unknown HLA, a light gray line. (A) The first contingency table shows 
that leucine and C*1701 are significantly associated if the tree is not 
considered, but the second table shows that counting only the changes 
from valine in the immediate parent in the tree to a nonvaline state at 
the leaf abrogates the signal. (B) Clusters resulting from a few ancestral 
mutational events, rather than many independent events, drive a false 
association with HLA A*0301 when the tree is not taken into account. (C) 
Tree-based analysis supports a causative influence of HLA: Presumed 
‘escape mutations from asparagine to other amino acids are independent 
events arising specifically when the HUA is present. Abbreviations for the 
amino acid residues are as follows: A, Ala; C, Cys; D, Asp: E, Glu; F, Phe: 
G, Gly; H, His; |, Ile; K, Lys; L Leu; M, Met: N, Asn; P, Pro; Q, Gin; R, Arg: 
, Ser; T, Thr; V, Val; W, Trp; and ¥, Tyr. 
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To validate our findings, we scanned for asso- 
cations embedded in known epitopes or in epi- 
topes predicted on the basis of motifs that could act 
as anchors for HLA binding. Notably, of the 62 
‘eases where the phylogeny is indicated as the 
Underlying cause ofthe asoeiations (Tables [and 
2), only one site was embeded in a previously 
defined HLA epitope. Forty-three of these 62 as 
sociations were with HLAS that have: deseribat 
anchor motifs; enly 8 out of 43 were embedded in 
Potential epitopes suwwested by these motifs In 
contrast, 6 out of 7 associations valitted by our 
phylogenetic methods (Table 2) are embedded in 
HLA-appropriste epitopes, in accond with expec- 
lation given a q-value cutoff of 02, indicating the 


‘strong specificity of the approach. Four out of 7 
‘associations were previously defined experimen- 
tally, and the other three were embedded in 
presicted epitopes (Table 1). Elispot sersning of 
individuals with the appropiate HLA experimen 
tally confirmed that two of the other three 
associations were embedded in epitopes (fig. $1). 
Inwriguingly, in several eases, the HLA-assocated 
‘variants were the escape for in some individuals, 


as predicted. but were the more swseepdible form of 


the epitope in other individuals (fig. SI). These 
variants differed in positions that affect recognition 
bby Tell receptors 

If founder events are indeed an important 
confounding influence, methods that do not cor- 


REPORTS. [ 


rect for the phylogeny should also yield associ- 
ations between silent mutations (that do not alter 
the amino acid sequence) and host HLA. In the 
31 codons in the HIV Gag protein that encoded 
invariant amino acids, we found 10 variable 
but silent positions associated with HLAs with 
4 = 0.20, a rate statistically indistinguishable 
from the amino acid-altering mutation-HILA 
correlations (Fishers exact P= 0.64), The lowest 
P-values among the silent mutations were with 
HLA-C*1701 and DRBI*1401 and were subtype- 
stiven, a nthe amino acid-alering eases (Table 1). 
In contrast, we found no spurious correlations 
between silent substitutions and HLA using our 
ee-corrected method, 


Table 2. Phylogenetic analyses of HIV mutation-host HLA associations not 
‘explained by HIV subtype. Levels of tree-based support for HLA immune 
‘escape-driven associations are as follows: strongly supported, moderately 
supported, weakly supported, or not supported. The HLA allele, relevant 
‘amino acid (aa), and HXB2 position of the variable nucteotides and amino 
acids (www.hivlanl.gov/contenthiv-db/LOCATENocate.html) are listed. The 
first four statistics indicate the level of support in the tree for an amino 
‘acid changing in people with the HUA allele and include (i) the P-value in 
the tree including all 96 sequences, (i) the P-value in the tree excluding 
possible intrasubtype recombinant sequences, (ii) support found in 80% 
‘oF more of bootstrap trees, and (iv) a q-value based on screening all HLAS 
by all positions for tree-based evidence for associations. The P- and q- 


values for the likelihood-ratio tree-based statistic are given next, and then 
the P- and q-values for the uncorrected associations found in the full set of 
234 sequences. If an HUappropriate epitope spans the position, itis 
‘noted: anchor residues are in bold, and the HLA-correlated amino acid is 
‘underlined. The epitopes shaded in gray were tested experimentally by 
interferon-y ELispot (fig. $1). The two strongest HLA-nucleotide associa- 
tions were with B*4001 and were embedded in the same codon; thus, the 
‘impact of the E to not-E association with B*4001 is the same for both. 
There were not enough A*3101-positive subjects in the 96 sequences used 
for the baseline tree to obtain meaningful results, so we added back HIV 
sequence fragments from A*3101 individuals and made an additional tree 
{rom a shorter alignment 653 nucleotides long, 


Known 
WA aa 82 pojein Paalve Pvalue 80% grvalue Pralue gale Paalue g-valve gaitne gen, MUA Potential 
position tree 1 nonrec Bootstrap tee 1 tree 2 wee 2 cohort cohort “ACTH TN” motif epitope 
Correlations strongly supported os escape by evidence for selection in the tree (@ < 0.2) 
84001 E2233 p6 (0.00002 0.00001 <0.0001 0.04 110% <0.001 0.0001 0.04 —_KELYPLTSL 
1a, 19) 
B'4001 E2235 6 NA NANA NANA 0.001 0.066 NA KELYPUTSL Ena 
3101 K 2113. pl 0.0003 NA NA <O.001 NA <0.001 0.061. NA iui 
N3101 —R 1996p? 0.0008 NANA <O.001 NA <0.001 0.055 NA KR 
20) 
4002 N 1903 p2 0.0004 0.0003 <0.0004 0.19 0.0003 037 0.0008 0.13 ABAMSOVINS* E..AAVL 
B'1501 1 2529 Pol 0.0005 0.006 <0.092 019 6x10% 014 4x 10 0.005 Pe Aw 
W301 K 1978p? 0.0013 NA NA——(0.0008 NA 4x 10% 0.022 NA cow —— TRGREGATART 
Correlations moderately supported as escape by evidence for selection inthe tree (@ > 02, q < 0.9) 

B'S7OL T1513 p24 00007 NANA 0.220 0.0003 1x10” 0.000 TSTUQEQIGW -AST....FWY 
B°1501 V_ 2481 Pol 0.0057 0.0006 <0.034 0524001 0.76 0.0011 0.158 vuverrevn 
80702 G 1858 p24 0.0174 003 <0.059 0.494 0.03 0.88 «0.0008 0.089 
©1203 -V 1957 p7 00246 0.0156 <0.028 0.742 001 077 ~—.0010_ 0:53 NORKIVKCE 
A011 V 1216 p24 00336 0.0355 <0.034 0.796 0.02 0.85 «0.0002 0.066 
09810301 P 985 pl7 0.0461 0.0208 <0.046 0.849 0.03 0.89 0.0002 0.061 

Correlations weokly supported and not contradicted as escape 
2301 N 2361 Pol 0.0942 0.0587 <0.096 0927 0.03 089 0.0002 0.061 
B'aao2 NN 2361 Pol 0.0963 10 © <0.11. 0.927 0009 0.75 © 0.0016 0.197 
84002 £1981 p7 0.1042 007 <0.10 0.927 014 = 0.94 0.0007 OS ExJAVL__ KEGHTARNCRA 
DRB10401 0 1723 p24 O.1101F 03351 <025 0.927 022 0.97 «0.0003 0.081 FV NQST 
70602 | 1228 p24 0.1828 03684 <037 0.965 0.10 0.95 «0.0002 0.061. Uw HOAISPRTL 

Evidence for escope contradicted dve to sublineages in the tree 
DQB10502 A 1225 p24 02329 0.0669 20.11 0.975 0.12 0.95 0.0013. .171 Unknown 
70301 A 949 pl? _05779t1.0 20.20 0991 072 099 0.0002 0.061 UVM VER 


“This isa B°A50r epitope isthe same sopertype 3s B'4002, so may ces-preeat. 
absence ofthe HLA allele. 
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We also applied our phylogenetic analyses to 
4 data set provided by the group in Perth that 
closely approximates the sequence data used in 
the original Moore study data (5) (GenBank 
accession numbers: DQ409341 to DQ4O9813) 
and serologically defined HLA alleles, These 46 
sequences consisted of 406 intact subtype B23 
C. 16 A, and one D sequence, suggesting the 
Potential for subtype-driven associations. Our 
uncorrected methods yiekled 28 correlations 
between amino acids and HLA types with 
g-values <0.2. Nine of these had a q < 0.2 based 
‘on phylogeny-corcted methods, and 14 were 
due to lineage efleets, We also reexamined the 12 
associations reported. in (5) to have survived 
correction for multiple tests. The seven among 
these noted to be embedded in or proximal to 
known CDR T cell epitopes in the onginal study 
[the red- an! bluc-boxed associations in the sup~ 
plemental figure of Moore (5)] were validated 
‘ith our tree-based methods, in contrast to the 
‘other five (he black-boxed associations 

Associations between an HLA allele and a 
subtype consensus amino acid maay be the con- 
sequence of immune selection in a population 
with a relatively high frequency of the present- 
ing HLA (5.8), Leslie etal, 70) explored this 
led characterization of two com- 
mon variants that confer CTL escape, We re- 
‘evaluated these data in a phylogenetic context 
and found that the amino avid associated with 


Fig. 2. A fulllength ge A 


CTL escape were likely to have been in the 
founder virus of the subtype, because the es 
cape amino acid also dominates all phyloge- 
netically related subtypes, regandless of the 
frequency of the associated HLA allele (Fig. 2) 
Furthermore, the relative frequency of the escape 
and nonescape forms has stayed constant over 
time, suggesting an equilibrium situation rather 
than selection overtime favoring the escape form 
(fig. S2). Thus, the interpretation of these data is 
also complicated by the phylogeny —because in 
this ease the associations were within clearly de- 
fined CTL epitopes, they may represent imumu- 
nologically selected stable mutations present in 
the founder population. 

Correlation sixties based on previous methods 
‘can Kea to both false-positives and false-negatives. 
Many of the signatures of HLA-associated im- 
mune escape from previous population-level 
studies of chronic HIV infection are not supported, 
‘and incorporating phylogenetic comeetions im 
proves the accuracy of their identification. Fur- 
‘thermore, though immune escape is ofien observed 
inindividuals (/, 2) and will affect the population 
frequency of the escape variants, contemporary 
amino acid frequencies also depend critically on 
founder effects. 

Many confounding factors can obscure iden- 
tification of HLA-medistod immune excape in 
population studies: HLA alleles often cross- 
‘present the same epitopes, amino acids may be 


tree superimposing the 
patterns of escape muta- 
tions featured in (10) 
against an evolutionary 
backdrop of N-group vi 
ruses Manimum-ketihood 
ancestral reconstructions 
suggest that the escape 
forms of these two ep: 
topes have dominated the 
subtypes in question since 
their origin. In the Nef 
epitope (A), glycine dom 
nates subtype C and. all 
subtypes found in cluster 
1; the probability that the 
ancestral state of the C 
clade was glycine is 0.740. 
In the Integrase epitope 
(B), valine dominates sub- 
type B, and all sur- 
rounding subtypes in 
‘luster 2; the probability 
that the ancestor of sub- 
type B carried the escape 
mutation is 0.999. 


‘nome maximum-tikeinood i. 


<mibedded in multiple overlapping epitopes (1), 
an escape variant in one person may be suscep 
sible in another (fg. SI), and compensatory changes 
to maintain fitness may confound associations 
(4.12.13). Finally, more data will likely reveal 
many more associations, Thus, ane should not 
interpret our results as evidence that immune 
pressure isa weak force in HIV evolution, Rather, 
‘we demonstrate that phylogenetic effects need to 
bbe accounted for in locating associations resulting 
fiom immune selection pressure in population- 
level studies, I'vaccine antigen designs ultimate- 
ly incorporate immune susceptibility and escape 
pratiems, accuracy in defining these pattems is 
essential 

The methods developed here are general and 
«aan be applied to any search for phenoty 
relations with sequence data, The question of 
HILA-driven immune escape is of vital 
tance to the HIV field; by taking genet 
into account, a very different interpretation of 
apparent HLA associations emerges. Contempo 
immune selection is merely one contributing 
factor in a complex array of competing selective 
forces shaping currently circulating global virus 
populations. 


References and Notes 

J. Martiner-Pkado et ol, J Viol. 80, 3617 (2006) 

. Ammararind eto, AIDS Res. Mum, Retioviuses 23, 

395 (2005), 

3. TM. Allen et ol, J. Virol. 79, 13239 (2005), 

4 AD Heller eto, J ap ed. 193, 375 (2000. 

5, CB. Moore et ol, Science 296, 1439 (2002). 

6. Supporting materi for details of sequences and 
analysis ave available on Science Orline. 

7. P. Kiel eto, Note 432, 769 (2004), 

8. Store, R. Tibshirani, Proc, Not Aad. Se, USA, 
100, 9440 (2003), 

9. RS. Wells et ol, Immunogenetics 46, 173 (1997). 

10, A Lee et ol, J xp. fed. 201, 891 (2005), 

ALK Yusim eto, J. Wok 76, 8757 (2002), 

1. F.W. Peyet al, J. Virol. 78, 13901 (2009). 

AT. C Friedrich eto, J. Virol 78, 2581 (2004). 

14. 5 Mash P. Parham, Baber, MIA FocsBook (cademic 
ress, London, 2000), pp. 99-390, 

A. 5. Corbet et ol, J. Gen. Virol 84, 2409 (2003). 

16. NK. Mea ef a, Tsue Antigens $7, 02 (2000). 

7, M. All et oJ: Immunol 267, 2743 (2000), 

1B. X.G.Yu et ol, ADS 26, 321 (2002). 

19. Nab, C. Brander, in HIV Molecular Immunology 
2005, B,Korber et al Es. (Los Alamos National 
laboratery, Los Alans, NM, 2005), pp. 3-20; 
‘ntpzrhix. lank. gowconteninmunologypd/2005/ 
tbrander_atce pa. 

20. AS. De Got etal, Vocine 22, 4486 (2003). 

21 W.R Rotiguer eta). Tans Med. 2,15 (2008), 

22, We thank S. Wolinsky, P. Goulder, and I, James for 
cusions and A. Chopra, A. Paterson, and S.Guadier 
for IV sequencing and HLA typing, This work was funded 
‘by the US. Department of Enesgy at tos amos Nationa 
Laberatoy (LANL (grant DE-ACS2-06NA25396), LANL 
Laberatory Directed Research Development, NIH (rants 
'NZTTST and 4157005), and Micrvot Research, 

‘Supporting Online Materiat 

vom ciencerag orticontentfll315/5818/1583/0C1 

Materials and Methods 

Figs St and $2 

Table 51 

eterences 

‘Aignments and Phylogenetic Trees 


20 june 2006; accepted 25 January 2007 
10.1126/cience.131828 


16 MARCH 2007 VOL315 SCIENCE www.sciencemag.org 


A Slicer-Mediated Mechanism for 
Repeat-Associated siRNA 5 End 
Formation in Drosophila 


Lalith S. Gunawardane,* Kuniaki Saito," Kazumichi M. Nishida,” 


Miyoshi, 


Yoshinori Kawamura, Tomoko Nagami, Haruhiko Siomi,t Mikiko C. Siomit 


{In Drosophila, repeat-associated small interfering RNAs (rasiRNAs) are produced in the 


germ line by a Dicer 


dependent pathway and function through the PIWI subfamily of 


Argonautes to ensure silencing of retrotransposons, We sequenced small RNAS associated 


the PIWI subfamily member AGO3. Although other members of PIWI, Aubergine (Aub) and 


Piwi, associated with rasiRNAs derived mainly from the antisense strand of retrotransposons, 
‘AGO3-associated rasiRNAs arose mainly from the sense strand. Aub- and Piwi-associated 
rasiRNAs showed a strong preference for uracil at their 5’ ends, and AGO3-associated 
rasiRNAs showed a strong preference for adenine at nucleotide 10. Comparisons between 
‘AGO3~ and Aub-associated rasiRNAs revealed pairs of rasiRNAs showing complementarities 
in their first 10 nucleotides. Aub and AGO3 exhibited Slicer activity in vitro. These data 
support a model in which formation of a 5° terminus within rasiRNA precursors fs 

‘guided by rasiRNAs originating from transcripts of the other strand in concert with the 


Slicer activity of PII, 


H noncoding RNAs trigger various 
orms of sequence specific gene silenc- 
x. including RNA interference (RNAi), 
translational repression, and heterochromatin 
formation in a variety of eukaryotic organisins, 
commonly referred to as RNA silencing (/-3). 
Members of the Angonaute family of proteins 
are essential components of RNA silencing 
(4. 3). In Drosophila, five genes encexte distinct 
members of the Argonaute family: AGO/, 
AGO2, Auberuine (Aub), Phi, and AGOS 
AGOL and AGOZ constitute the Angonwute 
(AGO) subtamily and bind microRNA (miRN. 
and small interfering RNA (siRNA), respe 
tively (6-4), Aub, Piwi, and AGOS belong to 
the PIWI subfamily of the Argonaute family 
(4, 5) and are enriched in germline cells (9), 
and Aub and Piwi have been shown to play 
important roles in germline cell formation 
(10, 11). They are involved in silencing retro 
Iransposons and other repetitive elements 
(2-15) and exhibit target RNA cleavage 
(slicing) activity in ito (6), Both Auby and 
Piwi associate with repeat-associated siRNAs 
(rasiNAs)(/5, 16). Aub- and Piwi-associated 
risiRNAs are derived mainly from the anti- 
i, with litle oF 
and have a strong preference for 
uracil (U) at the $ end US, 16), Small RNA 
processing factors such as Dicer and Drosha 
are known to cleave preferentially at the 5 side 
of U (17): however, rasiNAsare thought to be 
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produced by a Dicer-independent pathway 
(13). The mechanisms governing rasiRNA 
production remain to be elucidated. 

Very little is known about the function of 
AGO3 (9, the third member of the Drosoph- 
ila PIWI subfamily. We isolated a full-length 
eDNA of AGO3, revealing that the AGOS gene 

83 kb in length (fig. S1). Peptide sequence 
alignments among Drosophila Argonaute pro- 
teins revealed that AGO3 is most similar to 
Piwi (fig. S2A). The Asp-Asp-lis motif in the 
ly identified as the cat 
tivity in human AGO2 
(5. 18), is conserved in AGOS (fig, S2B) 

Embryonic RNA expression pattems of 
{G03 are very similar of Piwi and 
Aub; they are expressed maternally, but their 
expression disappears by embryonic stages 
10 to 12 (9. To confirm these results, we py 
duced a monoclonal antibody (mAb) to AGO3 
(Fig. 1A), which revealed that AGO3 is strong 
ly expressed in earlier embryonic stages but 
decreases as development proceeds (Fig. 1B) 
AGO3 accumulated in the cytoplasm of germ- 
Fine cells including germline stem cells (GSCs 
germline cyst cells, nurse cells, and oocytes at 
earlier stages (Fig. 1C and fig. $3), In teste 
AGOS is expressed in GSC. primary gonial 
cells, and early spermatocytes (Fig. 1D). U 
like Piwi (/6), AGO3 expression was unde- 
tected in the hub (fig. S3), a tiny cluster of 
postmitotic somatic cells localized at the api- 
I tip of the testis that functions as a niche for 
JSC (19). Thus. with respect to expression in 
zemnline cells, AGO3 is more similar to Aub 
than to Piwi (10, 16). 

All of the other members of the fly 
Angonautes are specifically associated with a 
subset of small RNAs: siRNAs, miRNAs, or 
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nisiRNAS (6-8, 15, 16). We therefore inves- 
tigated whether AGO3 also associates with 
small RNAs produced in the fly ovary. Im- 
‘munoprecipitation with AGO3 mAb from 
ovary lysate revealed small RNAs ~23 to 26 
nucleotides (nt) long (Fig. 2A). The size dis- 
tribution of AGO3-associated small RNAS 
is similar to that of Aub-associated small 
RNAs (Fig. 2B); in both cases, the peak is 
24 nt and the longest és 27 nt. Small RNAS 
associated with AGO3 are likely to lack eit 
a hydroxyl roup, because they do not 
migrate faster after Brelimination as opposed 
to a synthetic SIRNA that has 2* and 3° 
hydroxyl groups at the 3” end, the latter being 
the hallmarks of Dicer cleavage (Fig, 2C), 
These results suggest that AGO3-associated 
small RNAs in the ovary are produced by 
pathway similar to those involved in_pro- 
duction of rasiRNAs that associate with Aub 
and Piwi 

We constructed a CDNA library of small 
RNAs associated with AGOS in the ovary. OF 
420 clones sequenced, 410 matched Drosoph- 
ia genomic sequences in a database search 
(able $1), and most were rasiRNAS (-86"%: 
353 of 410), as in the ease of Aub and Piwi 
(table $2), Like risiRNAS associated with 
Aub or Piwi (/5, 16), rasiRNAs associated 
with AGOS included various kinds of trans- 
posible elements, both LTR (long terminal 
repeat) retrotransposons and LINE (long in- 
terspersed nuclear element) like elements 
(ables $1 and S2). rasiRNAs associated with 
Aub or Piwi in ovaries are derived mainly 
from the antisense strand of retrotransposons, 
and the S* end is predominantly U (15, 16), 
‘These characteristics were not found for 
rasiRNAs associated with AGOS. However, 
AGO: jated rasiRNAs were derived 
mainly from the sense strand of retrotrans- 
posons (-82% table $3), and they showed 
strong preference for adenine (A) at nucleo- 
tide 10, but no preference for U at the $° end 
(Fig. 3A), These results suggest that AGO3- 
associated rasiIRNAS belong 10 a subset of 
masiRNAs that are disti 
Piwi-associated rasiRNAs, 

Some Argonaute protcins exhibit S 
tivity that directs cleavay 
target across from nucleotides 10 and 11, mea 
sured from the S' end of the small RNA guide 
strand (20), Thus, our findings suggest a model 
for rasiRNA biogene: Send of 
Aub- and Piwinassociated rasiRNAS is doter= 
mined and cleaved by AGOB-rsiRNA com- 
plexes, and the 5’ end of AGOB. 
rasiRNAS is determined by Aub- 
risiRNA complexes through a similar rasiRNA- 
guided cleavage event (Fig. 3B). For instance, 
AGO3 asociated with a rasiRNA with A at 
nucleotide 10 can target along RNA molecule by 
‘Watson-Crick base pairing and cleave the target 
resulting in sliced RNAs with U a th 
end, Similarly, when Aub or Pivi associated with 
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Fig. 11. AGO3 expression. (A) Wester blotting was 
performed on $2 and fly ovary (ysates with AGO3 

ted only in the ovary. 
(B) AGO3 expression pattern through development. 
Expression fs high in early embryos but gradually 
diminishes through development, (C) Immuno- 
staining pattern of AGO3 in fly ovary and testis. All 
images shown represent one confocal section. In. a 
germarium region, AGO3 ts strongly accumulated in 
the cytoplasm of germline stem cells (GSQ) and 


germline cyst cells (GCO) (upper pane), In an egg chamber at stage 7 (lower panel), AGO3 was found in both 
oocytes (00) and nurse cells (NC). A weak signal of AGO3 was also observed in follicle cells (FO. AGO3 is 
clearly cytoplasmic, (D) Fluorescent image of AGO3 in testis. AGO3 expression is detected in germline 


Fig. 2. Small RNAS ass0- A B 


ciated with AGO3 in fly 
ovary. (A) Small RNAS as 
sociated with AGO3 immu 
nnopurified from ovary are 
visualized by [??P]adeno 
sine triphosphate label 
ing. (B) Sizes of small RNAs 
associated with AGO1, Pini 
Aub, and AGO3 are’ com 
pared. The peak of small 
RNAs associated with Aub 
and AGO3 is about 24 nt 
whereas that of Piwi is 2ont 
about 26 nt; rasiRNAS with 

{AGO3 contain shorter ones 

(23 nb) relative to those of 

‘Aub, The ~30-nt bands are 

25 rRNA. (C)rasiRNAs asso- 


G03 


Py 
= 


ciated with AGO3 show resistance to {elimination treatment, which made 21-nt siRNA (control RNA) 


Cells, primary gonial cells, and early spermatocytes. 


(aaNA WAGOS 


without 3° end modification shorter, indicating that rasiRNAs associated with AGO3 are modified at 


the 3 end. 


SCIENCE 


rasiRNAs with U 
RNA target, 1 


Jeaved RNA will 


To test this model, we examined AGO3 


for Slicer activity by performing in vitro tar 


NA cleavage assays with glutathione 
ansferase (GST)-AGO3 fusions (Fig, 4A), 
he target RNA, luc passenger siRNA (21 nt 


beled with “P) (8), 
ficiently cleaved by GST-AGO3, as was the 
aise for GST-AGOI andl GST-Aub, 

the cleaved products (9 nt) indicated that 


cleavage of target RNA. across 


rom Jes 10 and 11 as measured from 
the $" end of the small RNA guide strand (Fig. 
4A). Both GST-Aub and GST-AGOS 
longer guide RNA (26 nt) were 
cleave a long transcript (180 nt) (fig. $4). 
FasiRNAs both in sense 


(fig. $5). 


appear 10 exist in 
These results corroborate 
rasiNAs 


precursors is determined by rasiRNAS. 


the model in which the $' end of 


and cleaved by members of PIWI that as 

1 rasiRNAs 
Our model predis 

associated rasiRNAs 


AGOS 
mipkementary 


should be « 
Aub- and Piwi-associate 
parison between AGOS. 
and Aub-associated rasiRNAs indeed revealed 
rasiRNAS that show complementar 
ities at their first 10 mt (ig 
3 AGO3-associated rasiRNAs had such pair 

§ Aub-associated rasiRNAS (fig. 


AsIRNAS Sequence © 


$6), However, such pairings were only found 
between AGOS- and Aubstssociatad misiRNAS, 
and no pairs were observed between AGO3 
and Piwi-associated rasiRNAs (353. versus 
330), Like Aub-associated raisiRNAS (table 
$3), Piwiassociated rasiRNAs arise maint 
from the antisense strand and their 5° ends 


how a strong preference for L 


is difficult to argue that Piwi is not involved 
in this type of rasiRNA biogenesis. One pos: 
sible reason is that Piwi is nuclear, whereas 
AGO3 and Aub 

pe of rasiRNA biogenesis may operate in 
he « Alternatively 


ends of Piwi-associated rasiRNAs may 


asm. formation of 


‘ccur only at an carlier time during germline 
development 

RasiRNAs are involved in genome sur 
cillance by silencing repetitive elements and 
controlling their mobilization inthe Drv: 
sophila germ line, It was recently shown th 
rasiRNAS are produced by a mechanism that 
requires neither Dicer nor Dicer-2 in fies 
(75). Our data suggest that rasiRNAS in a 
sense oficatation guide formation of the S 


end of rasiRNAs in an 
as well, this eyele of mutual 


dependency elaborates optimal rasiRNA pro- 
duction (Fig. 4B). 
the PIWI subfamily function as Slicer for 
5’ end during rasiRNA 


this model, proteins of 


biogenesis. This model requires that 
nisiRNA precursors then be cleaved 
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sliced nuclease (or nibbled by exonuclease) to produce ber of the PIWI. Once “primary” complexes 
gain at mature rasiRNAs before or afier loading of the of rasiRNAs with proteins of PIWL are 


the 3° end by an as yet unidentified endo- resulting cleavage products onto another mem- produced, these complexes will in turn function 


Fig. 3. Characteristics of 
rasiRNAS associated with 
‘AGO3 in the ovary. (A) 
rasiRNAS associated with 
‘AGO3 contain A predomi- 
nantly at nucleotide 10 
from the 5’ end. (B) A 
predicted model indicating 
that the first 10 nt of 
‘AGO3-associated rasiRNAs 
show complementarites to 
the first 10 nt of Aub- oF 
Pii-assocated rasiRNAS. 


Fig. 4. (A) Target RNA 
cleavage assay using GST 
GOL, GST-AGO3, and 
GST-Aub produced in 
Escherichia coli. GSTused 
proteins were fist bound 
with a single-stranded luc 
‘guide siRNA; then, target 
RNA (singlestranded luc 
passenger siRNA labeled 
with Pat the 5° end) 
was added to the reaction 
mixture and further incu 
bated, Al the proteins, 
but not GST itself, were 
able to cleave target RNA 
‘across. from nucleotides 
10 and 11, measured 
from the 5° end of the 
guide RNA. The asterbk 
indicates cleaved products 
with the expected size 
(9 nthe cross marks by- 
products of 8 nt in in vitro 
assays with GST fusions 
(6), (B) A model for a 
rasiRNA biogenesis cycle, 
AGO3-associated sense 
FasiRNAs (upper left guide 
Sticer-mediated cleavage 
‘of primary antisense tran- 
scripts, yielding the anti- 
sense rasiRNA precursors 
with U at the 5’ end. Re- 
iprocaly, Aub-assocated 
antisense rasiRNAs (ower 
Fight) guide Sicer mediated 
cleavage of sense tran- 
scripts, yielding the sense 
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rasiRNA precursors with A at nucleotide 10. Formation of rasiRNAs at the 3 end may occur (a) while the precursors stil remain in the complexes, or (b) after they are 
loaded onto the other PIV by an as-yetunidentified nuclease. 
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as the “initistor” of secondary rasiRNA. bio- 
genesis, and so nascent risiRNAS should be 
continuously supplied in the ovary and testis. 
Such a process may occur through rasiRNA 
germline transmission, OF the PIWL members, 
at least Aub is accumulated 1 the posterior 
Pole in oocytes and remains in polar granules 
in early embryos. It is then incorporated in 
pole cells, the progenitor of the Drasophila 
germ line (0). 
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Attention-Like Processes in 
Drosophila Require Short-Term 


Memory Genes 


Bruno van Swinderen 


‘Although there is much behavioral evidence for complex brain functions in insects it fs not 
known whether insects have selective attention, In humans, selective attention is a dynamic 
process restricting perception to a succession of salient stimuli, while less relevant competing 
stimuli are suppressed. Local field potential recordings in the brains of flies responding to 

visual novelty revealed attention-like processes with stereotypical temporal properties. These 
processes were modulated by genes involved in short-term memory formation, namely dunce and 
‘utabaga. Attention defects in these mutants were associated with distinct optomotor effects in 


behavioral assays. 


tudies of visual discrimination in flies 
Gin ssl pista pi 
ects that are relevant to selective at- 
tention (7, 2), such as asociative leaming (3). 
context generalization (4, 5), crss-modal bind 
{ng (6). and position invariance (7). Visual choice 
behavior in Drosophila is correlated with local 
field potential (LEP) activity in the brain, cen- 
tered arouind 20 to 30 Hz (N), This activity 
transiently increased in amplitude by classical 
conditioning (8), is suppressed during sleep (8) 
or light anesthesia (9), and is modulated by 
dopamine (/0), Electrophysiological and be- 
havioral measures of visual attention in flies 
were developed to test whether these short- 
term processes depend on the effect of wenes 
involved in memory formation and plasticity 
Uh-13), 
LEP responses to two distinct visual objects 
(across ora box, 180° apart each moving around 


The Neurosciences institute, 10640 John Jay Hopkins Drive, 
San Diego, CA 92121, USA. Email: vin@asedu 


the fly once every 3 8) were investigated (Fig. 1A), 
When the objects were presented individually 
wild-type flies. they evoked brain responses 
that were maximal when the single object 
swept directly in front ofthe tlies (Fig. 1B). In 
contrast, dunce mutants (dhe!) (4), which are 
defective in shorttemn memory (15. 16). dise 
played attenuated and delayed brain responses to 
‘each visual object, as compared to wildtype fles 
(Fig IC). 

To test for visual selection between the 
objects, I presented them together after having 
increased the salience for one object specifically 
in a recurrent-novelty paradigm (Fig. 1D) (17). 
To measure visual selection, the 20- to 30-1 
brain response (mapped onto the 3-s sequence) 
1B) was averaged for 10 s (about three 
rotations) after each transition to novelty. and 
this was compared to the response for the 10 s 
before novelty transitions (red versus blue lines, 
respectively, in Fig. 1D). When wild-type flies 
were trained with two identical boxes for 100 5 
rotations) before one of the baxes changed 


wac 
the sectors of the rotation sequence asso 
‘with the (novel) cross (100 s, red fine 
and the response for the competing box. 
significantly suppressed, Converse experiments 
attaching novelty salience to the altemate image 
{the box) after 100 s of eras training mapped 
20- to 30-117 responses 10 the novel box, show- 
ing that novelty selection was plastic (fig. SU). 
Novelty selection was also found to be position- 
invariant (7) in a subset of trials, suggesting a 
‘cognitive effect rather than habituation (fig. $2), 

By decreasing the time between transitions in 
cshenwise identical experiments, this paradigm 
provided a way to estimate the minimum ex- 
posure required for selection of recurrent novelty 
When the training time was decreased to 30s 
16 rotations), significant selection of the novel 
object and comesponding suppression of the 
competing object were still seen in wild-type 
flies (fig. $3). However, when the triining time 
‘was further decreased 10 25 s (about eight rota 
tions), these novelty effects were lost (Fi. 1D), 

To control for the effect of change alone 
‘without novelty, tested transitions from a cross 
and a. box. back to two boxes (Fig, TE). In this 
cease, an object changed to one that was already 
present during training. Such changes did not 
produce any selective 20- to 30-H-responses for 
any training time in wild-type fies (100 sand 25 
sinFi The response is therefore unlikely 
to emanate from a startle reflex or an electrical 
anifact 

Salicnce is a transient phenomenon. To in- 
‘vestigate the extinction of novelty, [analyzed the 
temporal sequence of selective brain responses 
for successive rotations of a novel panorama 
aftera transition (Fig. 2A), In wild-type flies, 20- 
to 30-Iz activity was strongly selective for the 
novel object (the cross) for 9 s (three successive 
‘panorama rotations) on average (red lines in Fig, 
2A), and this was matched at a lower level for 


ss, the response mapped selectively to 
ted 
1D), 
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10- to 20-Hz activity (blue lines in Fig. 2A), 
Responses to training for the alternate object 
(making the box novel) revealed similar tempo- 
ral dynamics: Wild-type flies in the 100-5 
paradigm stereotypically “attended to novelty 
for about 9 s or three sweeps of the panorama 
(ig. S). 

The robust 100-$ tra 


ig. 1. Fly brain responses. 
(AdThe recording arena (8, 9). 
(B) Wild-type flies were 
presented with a single ob- 
ject, a cross oF a box, posi- 
tioned at opposite portions of 
a reference 35 rotation 
sequence. 20- to 30-Hz LFP 
responses for either object 
‘were mapped onto the rota- 
tion sequence (power, super- 
imposed here). Dashed tines 
show when either object (ed, 
‘ross; blue, box) swept in 
front of the fly (n = 6 flies) 
(© dnc! responses to the 
same objects (n = 6 flies). 
(D) Wild-type flies trained to 
two identical boxes for 100 
‘or 25 5, after which one of 
the boxes changed to a cross. 
The average 20- to 30-Hz 
response in the first 10 5 
after a transition is mapped 
‘onto the rotation sequence 
(ed tine) and contrasted to 
the last 10 s before intro 


ing effect was used for 


subsequent experiments in short-term memory 
‘mutants. There, dae’ flies failed to show any 


2B). Instead, they revealed some selective 
responsiveness in the 10- to 20-1lz range (blue 
ling in Fig. 2B). Further analysis of dac! fies 
showed that brain responses in this mutant were 
sgeatest in the lowerffequency (10 to 20 Hz) 
Inracket, as compared to greater responses at 20 
40 30 Hz in the wild type (fig. $4. 

Mutations in ratabaga (ru) affect the same 
signaling network as mutations in. dic! [by 
producing opposite effdets on adenosine 3°5'~ 
monophosphate (cAMP) levels}, and flies 
display similar behavioral phenotypes in olfic- 
tory memory assays (/2). Electrophysiol 
uncovered differences between rut and. die 


ing novelty (blue line). ‘360° Pry e 360° 180° os mutants, Unlike dic’, pw” showed some 

significant selection of novel ee ¢ 20- to 30-112 range, 
ayes 7 responsiveness in the 20- to 30-1lz range, but 

object; significant sup- ; ET SE Without the sussined 9 selection characterise 


pression; *, significant selec 
tion of one object versus the other, after novelty (P < 0.01 for all comparisons; 100s, n = 6 flies; 255, n= 
5 flies), (E) Average 20- to 30-Hz responses to change alone without novelty (n = 6 flies). 


of wild-type flies. Similar to dnc’, rue” 


responded strongly in the 10- to 20-1lz range 
ig. 

‘To investigate visual behavior in these stains, 
{used an optomotor paradigm (/8) that provides 
an efficient altemative to flight paradigms (Fig, 
3A), because many mutant Drosophilae Jo not 
fly well [nowbly, dac! (16). The defective 
responsiveness 10 visual novelty seen in dhe! 
brain revondings (described above) may have 
predicted poor behavioral responsiveness to Vist 
al stimuli, but the oppesite was the ease: dic! 
flies displayed the strongest optomo 
of ~100 different strains tested. 1 evaluated the 
optomotor performance of seven olfactory 
Jeaming and: memory mutants (/2, 19): these 
spanned a broad range of optomotor phitioty pes 
(Fig. 3B). Like die’, rut mutants also showed 
‘unusually strong optomotor responsiveness, 

To better describe optomotor performance, 
individual choices were filmed and quan 
as flies progressed through a maze (17), Wilde 
type flies showed a preference for tuming into 
the direction of perceived motion (a positive 
optomotor response) throughout most 
cessive choice points (Fig. 3C). Another char- 
acteristic of wild-type optomotor behavior is some 
ddccreased responsiveness at choice points in the 
middle of the maze (/8). In contrast, dnc! flies 
proceeded through the first two choice points 
‘optomotor response but 
at the remainin 
ig. 2. Temporal analysis of the LFP response to novelty in the wid type and dc. (A) Time course of wild- choice points in the maze (Fig. 3C), 
type LEP responses after a novelty transition (red arrow), for 10 to 20 Hz (blue fne, 2SEM, n=6 flies) and 20 The delayed optomotor response in dic! flies 
1030 He (red line, #SEM). (B) Time course of dnc" LEP responses afer a novety transition, for 10 to 20Hz reveals a defect in processing a novel visual 
(blue tine, #5EM, n= 6 flies) and 20 to 30 He (red line, =SEM). stimulus (a moving grating) as fies enter the 
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Fig. 3. Optomotor experiments. (A) Maze design (18). A moving green-and:-black grating was displayed on a 
‘computer monitor beneath the maze. (B) Optomotor responses (£SEM) of mutants to a3-Hz moving grating 
(n= 8 runsof ~30 female fies per strain). CS, mutant introgressed to wild-type genetic background. (© Turn 
probabilities (SEN at each successive choice level for wild-type and dic! flies (= 40 fies for each). (D) A 
black bar was added to one side ofthe container surrounding the maze. (E) dnc’ and wild-type responses 


(£SEM) to the distractor (bar 
(grating & bar, + or 


‘8 6-Hz grating (grating), or to both competing visuals combined 
significantly different optomotor response (P < 0.05) when the distractor 


‘was on the ~ side, as compared to the + side of the maze in combined experiments. 


Fig. 4. Wild-type dnc is A 
required during develop- 
iment for attention-ike pro- 
‘cesses, (A) Magnitude of 
novelty responses (SEM) in 
the brain for three frequency 
ranges. The pan-neuronal 
driver ElavGeneSwitch (g59- 
301) was used to express a 
wildtype dnc gene (UAS- 
dnc) on a mutant dnct 
background (dnc!idnc!ssq- 
3OLUAS-dnc) in adults or 
throughout development. 
+ sugar, adult: controls (n 


wr020 He 
2030H Wild type 
30-40 He 


BIS snus on 
BIR ome cone 


‘+ sugar, aut 
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flies; +RU486, adult: the same strain fed 500 uM RU486 for 24 
hours as adults before electrophysiology setup and recordings (n = 


flies); +RU486, chronic: the same 


strain grown on food laced with 25 Mt RU4BE (n= 4 fies). *, P<0.08 for combined 10- to 40-Hz data, 
as determined by t test. (B) Optomotor responses (2SEM) to.a 6-Hz green-and-black grating in the same 


strains and treatments as in (A) (a 


runs of ~30 flies for each). *, P< 0.05, as determined by f test. 


maze, Attention-like behavior in dic! was ad- 
dressed more dircetly by adding a competing 
Visual object to the optomotor paradigm (Fig. 
3D). In wild-type flies, a static bar placed to one 
side of the transparent maze abolishes respo 
siveness to the moving grating, presumably by 
acting as a visual distractor (/8) (black bi 
Fig. 3E). The effect of competing visual stimuli 
fon optomotor responsiveness has also been 
previously observed in tethered flight experi- 
‘ments, where it has been described as evidence 
of limited perceptual resources (ic., attention) 
panitioned among visual stimuli (/, 20), In the 
‘walking analog of this paradigm, 1 found that 
dnc! animals were not distracted by the com 
peting visual stimulus (unlike wikl-type Mics), 
even though dnc! flies clearly perceived the 
distractor alone (eray bars in Fi ia 


38), The rut 
Irain-response defoets were also matched by 
Fochavioral anomalies: The ru: mutant was une 
responsive tothe distractor and responded more 
sawongly than did the wild type, throughout the 
uve, to the grating presented alone wit 
ial delay (fi. SS). Subtle differences 
‘rut and dne mutants [also obscrved inh 
2) and socialization (13) experiments} suggest 
that common performance defects in these 
mexory rmutants may con 
the level of shor 
processes 

Finally, 1 investigated whether the con- 
ditionally expressed die gene product (AMP 
phosphodiesterase) could modulate the cor 
responding electrophysiological and behavior- 
al phenotypes described here, by expressing 
wild-type DUNCE protein in a dnc! muta 
tackground by using RUAS6-induced ge 
activation of a functional dae transgene (22) 
When wild-type DUNCE protein was ex- 
pressed throughout the brain [via ElayGALS 
GeneSwiteh (23)] in adult mutant animals (by 
feeding adult flies RUAS6 for 24 hours), opto- 
motor responsiveness remained high and brain 
responsiveness to novelty remained correspond- 
ingly insig L resembling dc! flies (Fig. 4, 
and B, + RUA86, adult). When the same eon 
Siruct was activated throughout developme 
(by growing transgenic Mies on RUAN6-Laced 
food), optomotor responsiveness decreased 10 
Wild-type levels, and brain responsiveness 10 
novelty was correspondingly increased 10 Wild 
ype kevels (Fig. 4, A and B, + RUSS, chroni 
\ temporal examination of 20- 10 30-112 re- 
sponses inthe brain (asin Fig, 2A) revealed that 
extinction dynamics were rescued as well, with 
the strong selective response persisting for at 

ist 9 s in RUAS6-grown flies (fig. S6). The 
constitutive requirement of DUNCE suggests 
that short-term plasticity for visual responsive- 
nes in Drosophila adults s dependent on cAMP 
effects in the brain during its yrowth and de- 
‘velopment (see fig. S7 for addtional supporting 
experiments). 

Why should animals defective in visual 
selective attention, such as dnc! and rur*™™ 
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fies, display stronger responses in optomotor 
assays? This paradox. may be resolved by 
recalling that optomotor “reflexes” are nor- 
mally suppressible (1) and by proposing that 
excessive optomotor responsiveness indicates 
defective short-term plasticity, Such plasticity 
may be required for optimal performance in 
4 Visual environment, so a strong and non- 
distractible optomotor response, as seen in 
dhe and rur mutants, may reflect failure of 
aan interacting attention-like mechanism de. 

signed to periodically alternate among com- 
peting percepts of variable salience. Distinet 
behavioral processes among mutants in the 
‘optomotor maze might thus be predictive of 
defects at the level of selective attention in 
the brain, Because the ability to shift selec: 

¢ attention appropriately among competing 
Visuals is likely to be erucial for leaming itis 
probuble that the visual attention defects 
uncovered here in Drosophila short-term mem 
‘ory mutants contribute to their eventual feam- 
ing and memory deficits in visual paradigms 
(16, 24, 23). 
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GENOMICS: 
FROM CHEMISTRY KIT TO TOOL BOX 


Numerous tools have been developed recently that exploit breakthroughs in the 
understanding of genomic chemistries. From improved sequencing technologies 
to microRNA detection, advances in basic chemistry - impacting a diverse 
array of research fields ~ have been translated into viable products that can aid 
scientists in achieving their research and clinical goals. Now, as cross-disciplinary 
communication continues to grow and mature, research at the intersection of 
chemistry and biology is increasingly exploited to solve fundamental questions in 
sclence and medicine, By David Bradley 


‘age and despite instrumentation advances that allow parallel sequencing of 
several hundred bases, it is the young upstart technologies that promise to 
fulfil the increasingly demanding requirements of today’s research scientists, 


Fis Sanger’s original sequencing method is fast approaching middle 


All Fired Up 

‘Among the novel approaches currently being developed to do this are sequencing. 
by-synthesis, which includes pyrosequencing and so-called FISSEQ (fluorescent 
in situ sequencing), and sequencing-by-hybridization (SBH). The first of these 
new chemistries to be commercialized was pyrosequencing, by the Branford, 
Connecticut, company 454 Life Sciences. In 2005, 454 and Roche entered into 
‘an exclusive five-year development and distribution agreement for their Genome 
Sequencing Systems product. A cyclical sequence of reactions is employed, 
involving sequential addition of deoxynucleotide triphosphates and the generation 
of a light signal through luciferin that is proportional to the number of bases 
added, This system is advantageous since no gels or fluorescent molecules are 
needed and hundreds of thousands of DNA fragments in parallel can be analyzed, 
making it ideal for whole genome sequencing or identification of single nucleotide 
polymorphisms (SNPs) in DNA samples from multiple sources. 

Timothy Harkins, marketing manager for genome sequencing at Roche 
Applied Science, believes that the 454 Genome Sequencer is changing science by 
allowing previously unanswered questions to be addressed, and “at a speed that 
was unimaginable just a few years ago.” Harkins continues, “This has enabled 
breakthroughs in several sciences from whole genome analysis to transcriptome 
analysis to gene regulation studies,” adding, “It's not just the sequencing that has 
been transformed, butalsothe frontend with regard to sample preparation.” Indeed, 
the 454/Roche pyrosequencing technology has already been applied successfully 
to the sequencing of the Neanderthal genome published recently in Science. 

‘Another player in this arena, Solexa, nc. (recently acquired by lumina to round 
Out its sequencing portfolio), has been focusing on driving down costs. Its approach 
to sequencing-by-synthesis extends Sanger’s original four-color tagging but adds 
a twist that allows massively parallel sequencing to be carried out with novel 
reversible terminator chemistry, achieving a claimed 99.995 percent accuracy. 

In contrast, the FISSEQ technique was developed to enable the localized 
amplification of single DNA molecules using an acrylamide gel, creating colonies 
of PCR product called “polonies” which could subsequently be sequenced in situ. 
It has now been improved and extended by researchers in George Church's lab at 
Harvard Medical School in Boston. Also known as bead-based polony sequencing. 
this technology ~ licensed in the US to Agencourt Biosciences. now a part of 
Beckman Coulter ~ could have significant implications for personalized medicine 
‘and low-cost genome analysis. “Our contributions to commercial, next-generation 
technologies have been focused on interfacing polonies with single- continued» 


©6This has enabled breakthroughs in 


several sciences from whole genome 
analysis to transcriptome analysis to 
gene regulation studies. it’s not just the 
sequencing that has been transformed, 
but also the front end with regard to 


sample preparation. ?? 
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Genomic 


“As companies are looking 
for novel ways to discover the 
function of their gene targets, 

fluorescent chemistries will 
increase in importance.” 


tube capture of human exons, yielding an affordable $3,000 direct 
‘assay for causative alleles rather than depending on linkage to 
noncoding common SNPs,” Church says. 


Getting Together 

Another approach that could accelerate genomic researchis so-called 
sequencing-by-hybridization. First suggested in the 1990s, it has 
taken a decade or so to reach commercial reality with Affymetrix and 
INlumina at the forefront, The process uses differential hybridization 
of sequence-specific probes on microfabricated arrays to known or 
unknown DNA samples in order to determine the sequence of the 
target DNA, technology predominantly used for SNP detection. 

Affymetrix spin-out company Perlegen, forinstance, has produced 
SBH technology which allows for the simultaneous sequencing of 
hundreds of millions of individual ONA fragments. The company 
‘explains that the driver for this technology is to allow them to quickly 
identify SNPs for the purposes of understanding genetic disorders 
and defining the pharmacogenomics of drug reactions in individuals 
with specific SNPs, While the Perlegen technology has not yet been 
widely adopted, its biggest advantage is its larger wafer size, meaning 
more DNAs per chip. 

IMlumina is also pushing the boundaries of chip density with 
its latest 1M BeadChip for SNP profiling and detection, an array 
containing up to1 million unique probes, Carsten Rosenow, marketing, 
manager for DNA analysis products at tllumina, explains that this 
new technology “allows researchers to look beyond standard SNPS, 
siving them the ability to interrogate the so-called unSNPable parts, 
of the genome where we don’t have a uniform probe design.” The aM 
BeadChip, elaborates Rosenow, allows integrated analysis of SNPs 
‘and novel copy number variations using uniform probe distribution, 
siving unprecedented whole genome coverage. 


‘Assembly Line Sequencing Goes with the Flow 

Cambridge, UK's genapta Limited is exploiting recent advances in 
microfluidics and single molecule fluorescent detection to allow 
the company to pursue an alternative to conventional single strand 
sequencing systems. “It is possible that up to 30 percent of the 
fluorophores remain invisible if fixed down to a solid surface,” says 
genapta’s Julian White. “As a result, so are the molecules to which 
they are attached.” He suggests that a better approachis to leave the 
DNA suspended in a flowing medium, allowing the fluorophores more 
chance to fluoresce and measurements to be carried out continuously. 
This system is more suited to high throughput methodologies than 
the inherent batch mode of solid support systems. 

“it's early days,” concedes White, “but despite the simplicity of 
optics, the technology gives near single molecule sensitivity, which 
makes us cautiously optimistic that we're on the right track.” This 
is an allusion to one of the holy grails of this field: single molecule 
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‘sequencing. Although undeniably still in its infancy, much effort and 
financial resources are being applied to the problem. 


‘Small, Smaller, Smallest 

One of the approaches attempting to directly address the single 
‘molecule conundrum involves the use of protein channels or synthetic 
nanopores. Hypothetically, strands of DNA can wriggle through such 
pores and their sequences can be read as they emerge. 

The concept was first patented more than a decade ago by Church 
‘and colleagues John Kasianowic, Eric Brandin, Daniel Branton, and 
David Deamer. They demonstrated that individual polynucleotide 
molecules could be driven through a 2.6 nanometer protein ion 
channel in a lipid membrane bilayer using an electric field, The 
passage of each molecule inhibits the ionic current across the 
channel and its duration correlates with polynucleotide length. The 
‘next stage would be to identify exactly how that current fluctuates 
‘as each base passes through the channel; each of the four DNA 
bases being slightly different in size should produce a characteristic 
‘measurable fluctuatio 

Gregory Timp and his colleagues at the University of Illinois at 
Urbana-Champaign are working on a similar process, in which they 
punch nanoscopi¢ holes in an inorganic semiconductor material, 
‘such as silicon nitride, to create the requisite nanopores rather than 
relying on biological channels. Timp is confident that with improved 
control of the transport of DNA through such nanopores they will 
be able to apply sensing technology at the single molecule scale to 
obtain the strand’s sequence. 


Seeing the Light 

‘An important component of many genomic technologies isa method 
for detecting the presence or modification of DNA targets. The 
conventional labeling molecules used in sequencing have several 
drawbacks, including photobleaching and interference, David Smoller 
of Sigma-Aldrich in St Louis, Missouri, explains that modern organic 
chemistry is getting around such problems, enabling the function of 
‘genes to be revealed and applications such as drug discovery to be 
developed. “As companies are looking for novel ways to discover the 
function of their gene targets, fluorescent chemistries will increase in 
importance,” he says. 

Sigma-Aldrich has worked with Panomics (formerly Genospectra) 
in Fremont, California, to bring together recombinant technology, 
fluorescent organic molecules, and a novel nanoparticle cell delivery 
system. This particular combination of technologies allows them to 
produce biosensors that, once delivered into the cell, can measure 
the amount, the activity, and the location of endogenous proteins in 
living cells, Smoller explains. “These biosensors will have great value 
‘and application in the fields of high content screening and cell-based 
assays.” 

The system is being developed with David Lawrence and 
colleagues at Albert Einstein College of Medicine and with Klaus 
Hahn of the University of North Carolina, Chapel Hill. “There has 
been wonderful synergy between both companies and our respective 
research groups,” Lawrence says of the collaboration. 


Please SERS 
Taking a different approach, nanotech-based chemistries that 
can detect the tiniest quantities of mononucleotide are continued» 
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being used to develop label-free assays. This according to scientists 
at Queen’s University Belfast who have collaborated with Avalon 
Instruments (now part of PerkinElmer Life and Analytical Sciences). 

Steven Bell, director of the innovative molecular materials group at 
QUB andhis colleagues, are exploiting novel silver colloid nanoparticle 
chemistry to help them obtain surface-enhanced Raman spectra 
(SERS) of DNA and RNA mononucleotides with high sensitivity. “The 
main advantage of our SERS approach is thatit allows direct, label-free 
identification in aqueous solution,” Bell explains. His approach, which 
challenges the traditional fluorescence paradigm, can produce spectra 
at tens of nanograms per milliliter and less. “We are working with 
large samples, but reducing the sampling volume to a few microliters, 
which would move the sample down to tens of picograms,” he adds. 
“The ability to skip the labeling steps entirely seems like a significant 
advantage that could lead to entirely new protocols.” 


Pushing Microarray Limits 
DNA microarrays have already become widespread, improving 
expression screening, sequencing, and drug discovery, by virtue 
of parallel detection. E.M. LeProust, genomics chemistry manager 
at Agilent, comments, “Recent advances in surface chemistry, 
synthesis fidelity, uniformity and robustness of array manufacture, 
and inkjet printing technologies have enabled the development 
of products with sensitivity and specificity not imagined before.” 
In real terms, this means the ability to print designer chips with 
over 240,000 unique oligonucleotides of any sequence desired, 
with unparalleled speed and fidelity. “The flexibility of the system 
combined with the high performance is what makes it unique and 
powerful,” observes L.K. Bruhn, a project manager at Agilent. “This 
allows researchers to answer questions they previously could not,” 
she continues, “ranging from surveying the whole genome for small 
deletions with custom designed large arrays to effectively profiling 
all known human miRNAs using subarrays.” 

Charles Cantor and colleagues at Boston University suggest 
that microarray use might be extended still further by advances in 
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spectral self-interference fluorescence microscopy. They recently 
demonstrated that this interferometric technique can provide 
precise data on the average location of a fluorescent label relative to 
a surface and so offer specific information about the conformation of 
a bound DNA molecule. 

The team studied the conformation of both single-stranded 
(ssDNA) and double-stranded DNA (dsDNA) on glass surfaces using 
50- and 21-nt oligonucleotides. The first strand of the DNA was 
bound to an oxide-coated silicon surface. Applying the interference 
technique allowed them to estimate the shape of coiled ssDNA, the 
average tilt of dsDNA, and the degree of hybridization. The research 
offers a proof of principle for the approach and, says Cantor, offers 
the possibility of utilizing array technologies to obtain conformation 
information that would be useful but has not previously been 
accessible. Applications promise to be widespread and might include 
both clinical and diagnostic uses. 


To Interference... and Beyond 

New chemical technologies are enabling much more than studies on 
just DNA. Peter Roberts of Danish company Exiqon comments that 
“the postgenomic world is focusing very much on noncoding RNA, 
what some call the ‘dark matter’ of the genome.” The means of action 
of this dark matter is RNA interference (RNAi), a mere curiosity for 
many years, but the subject of the 2006 Nobel Prize in Physiology 
or Medicine and a phenomenon with dramatic implications for 
understanding cellularregulation andtreating disease. Understanding 
RNAi is gradually being facilitated by the new technologies, one of 
which is locked nucleic acids (LNAs). 

“Our LNA is a high-affinity nucleic acid analog that provides 
higher binding affinities for targets such as microRNAs,” Exiqon’s 
Roberts says. LNAs are nucleic acid analogs in which the ribose ring 
is “locked” by a methylene bridge connecting the 2’-O atom to the 
4'-C atom allowing them to discriminate very effectively between 
short RNA and DNA targets. Roberts suggests that LNAs, properly 
incorporated into oligonucleotides, provide a powerful alternative for 
detection of small RNA targets. “It turns out that LNA-based probes 
are the perfect basis for studying these short RNA targets, for in situ 
detection, microarrays, and knockdown,” he says. “In situ detection 
of miRNA on this scale of sensitivity and specificity in this field was 
entirely enabled by the use of LNA probes,” Roberts continues. “It 
just was not possible previously.” 

So where are all these diverse new chemical tools taking 
genomic science? Sigma-Aldrich’s Smoller puts it quite succinctly. 
“Combining the disciplines of chemistry and biology has provided a 
wealth of innovation,” he says. “The innovation has opened many 
doors into the understanding of human health, biology, and gene 
function.” 

Jeffery Schloss, program director for technology development 
coordination at the National Human Genome Research Institute of 
the NIH, agrees, pointing out that the new genomic and postgenomic 
chemistries will enable the much-vaunted personalized medicine. “A 
key factor in the eventual success of these technology development 
and implementation programs,” he says, “is the collaboration among 
chemists, biologists, physicists, engineers, and computer scientists, 
to conceive and realize technologies that can be commercialized and 
produce information of biomedical utility.” 


David Bradley is a freelance science writer based in Cambridge, UK. 
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Cleaver Scientific 
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Horizontal Gel Electrophoresis Unit 

The HUts standard horizontal gel electrophoresis unit features the 
popular gel tray size of 15 cm by 15 em with additional casting options 
for versatility. Comb options range from 1 to 30 samples and four 
comb slots at 3.5-cm intervals provide fast separation of up to 120 
samples. The HU1s system consists of the standard horizontal gel 
unit with a removable casting tray, casting gates, two 1-mm thick 16 
sample combs, colored loading strips, and buffer recirculation ports. 
HUss casting options are provided by the casting gates with integral 
silicone seals or 15-cm tong Scie-Plas Super Seals, which enable the 
gel length to be tailored to particular requirements. The choice of 30 
different combs includes multichannel pipette-compatible combs 
with a maximum 30-sample throughput and preparatory combs for 
scaling up nucleic acids for cloning. 

Scie-Plas 

For information +44 (0) 1926 814093 

wwvw.scie-plas.com 


Faster Real-Time PCR 

The QuantiFast product line features a novel, proprietary technology 
that significantly reduces processing times of real-time polymerase 
cchain reaction (PCR). The kits feature faster results with time savings 
of up to 6o percent; one procedure for all standard and fast cyclers; 
specific and sensitive detection of low-copy targets; accurate 
detection of a wide range of template amounts; and optimized master 
mixes and protocols. The kits are compatible with all commercially 
available thermocyclers and existing PCR assays without requiring 
complex adaptations. Kits include SYBR Green PCR Kit, available in 
‘one-step, two:step reverse transcription (RT) PCR, and one-step RT- 
PCR formats, and Probe PCR Kits, available in one-step and two-step 
RT-PCR formats. 

Qiagen 

For information +49 (0) 21033-16410 

www.giagen.com 


Multiplex Toxicity Screening 
The GenomeLab GeXP Rat MultitoxPlex Kit for preclinical drug research 
screening contains 25 genes involved in key toxicological pathways, 
including toxicity, stress, DNAdamage, and apoptosis. talso includes 
three reference genes and one internal standard. Designed for use 
with the GenomeLab GeXP Genetic Analysis System, the kit delivers 
multiplexed quantitative analysis from hundreds of samples at one 
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The GelX tips are a new range of disposable gel excision tips designed to provide a cleaner, 
simpler, and quicker method for removing bands from agarose and protein gels without the 
need for scalpels. GelX tips allow complete single-handed operation throughout the gel excision 
process through “Press and Go” gel band excision, push-button gel release, and push-button tip 
release. Users simply fit the GelX tip to a 1000 pl pipette, select the gel band, then press the tip 
into the gel. The gel slice is neatly extracted into the tip, and from there injected into a tube or 
other container. The used tip can then be ejected and disposed of. GelX tips are autoclavable and 
free of deoxyribonuclease and ribonuclease. 


+44 (0) 1788 565 300 


time. The assays run in a.96-well plate format, providing a quick way 
toscreen large compound libraries, and with up to 30 genes analyzed 
in one reaction, Researchers can add their own genes of interest to 
the panel, The GeXP technology is designed to fill the gap between 
whole genome microarrays and single-gene real-time PCR. The kit 
contains a control RNA to verify the accuracy of the assay and is used 
with a Start Kit containing all the necessary buffers and reagents. 
Beckman Coulter 

For information 714-993-8955 

wen beckman.com 


AdenoSilence Vectors 

A new line of adenoviral small-hairpin (sh) RNA expression vector 
reagents target the human druggable genome. The new release 
includes all the major protein classes amenable to small molecule 
intervention, including kinases, G protein-coupled receptors, ion 
channels, proteases, nuclear hormone receptors, secreted proteins, 
and receptors. Available in three sequence variants, the vectors 
allow single-step delivery of shRNA through the direct application 
of the virus supernatants into a primary cell culture, thereby 
making additional transfection reagents or complex transfection 
protocols unnecessary. A replication-incompetent version of the 
human adenovirus is used to introduce shRNA into a broad range 
of primary cells that decrease the expression of the targeted genes, 
with the gene of interest typically silenced for more than 10 days. This 
extended knockdown duration supports longer term assay protocols, 
such as differentiation assays. 

Millipore 

For information 800-548-7853 

wen. millipore.com 


Biomarker Discovery Software 

Genedata Expressionist Pro 4.0 is a fully scalable data management 
and analysis platform for biomarker discovery. The program 
integrates data from a variety of applications, such as genomics and 
proteomics, which Genedata refers to.as “cross-omics” technologies, 
into a single computational system. A major challenge in biomarker 
iscovery is integrating a variety of "-omics” data, including transcript 
profiles generated from different microarray technologies and 
protein and metabolite profiles obtained from mass spectrometry. 
These data must be combined to understand the biological 
processes at different functional levels, and the Expressionist 
platform automates this integration process and standardizes 
the way results are placed in context. 

Genedata 

For information +41 61 697 8510 

wwow.genedata.com 


fort advent, 
rmsenewareron ek on 
TeaAdvtsn cone of oreo. 


United States & Canada 
Ema advertise@sclencecarers. 
Fax: 202-280-6742 

AN KING Sales Manager/Industry 
Phone: 202-326-6528 

DDARYL ANDERSON West/ Midwest Canada 
Phone: 202-326-6543 


/ALUSON MILLAR Northeast/Southeast 
Phone: 202:326:6572 


Europe & Intemational 
Email ads@science int.couk 
Fax: +44 (0) 1223 326532 
TRACY HOLMES Sates Manager 
Phone: #44 (0) 1223326525, 
‘CHRISTINA HARRISON. 

Phone: +44 (0) 1223 326510 
SVITLANA BARNES: 

Phone: +44 (0) 1223 326527 
Louise MOORE 

Phone: +44 (0) 1223 326528 


Japan 

JASON WANNAFORO 

Phone: 81 0) 527575360 
Email: hanafoed@sciencemay, 
Faye 81 0) 52.757-5961 


Testuotbet Scene. 
(5US anata 02 264417 w 19007314018 
[erste oneal 1203965 


icine pe marae ntU 3 
‘eta em ger semen pee er US 
‘Geese eons comer eer ianon 


nceCareers.org 


wenwsciencecareers.org SCIENCE VOL315 


ASSISTANT PROFESSOR, 
Insect Ecology, University of Kentucky 

‘The Department of Entomology (website: hep:// 
‘wwwuky-edu/Ag/Entomology) at the Unnenity 
(OF Kentucky ites apphcatons for 3 tenure-track fa 
tity postion in imact cology” This i primarily a e- 
search postion; the ivxiua wil ako have extension 
roponstaliics. The succesful candidate will develop a 
agonal, recogruzed research program in the eco 
ral management of athropes! speos in agyicutural, 
fret, ar urban environment, Areas of rescach em 
has couk! induce: landscape ecology, spatial 
ramics, arthropod! dispersal, population, behavioral, 
‘vohutonary oF molecular ecology, ar th influence 
invasive species on biodversiy. The individual will be 
apected t compete succesfully for extramural re 
Search funding art mentor gradhate students. The in 
‘vidual will coontinate the Cooperate Agricultural 
Pest Survey (CAPS) program for Kentucky, which is 
aadminisered within the Department of Entomology 

Applicanes must have 2 Ph.D. in entomology, 
ecology, oF a closely related field, with experience 
and/or training in applic entomology and ecology 
Tostdectonl experience desired. Demonstrated po 
tential as both an iewkependent researcher and 3 3 
member of a multxésciplinay team is desirable, Inter 
‘ext in outreach and extension is exscntal and expe 
fence interacting with chentek,, stakchokdcrs, and/ 
othe ger puis epee 

ants shoul submit curnculum vitac, bs of 

pot iswid opto (pe) seed reper ct 
nd addresses of four individuals who can be con 
{acted for leery of reference, sopics of undergraduate 
ad graduate transcpes, and an apphcation ktter de 
Senbing their hickground and expertise specifically 
‘elated to this esearch/extension postion atthe Un 
Seni oF Kentucky. Appian aici May 1, 
2007, o¢ until 3 sureable applicane is ie 

saber oppcason tox Be. Lyne Rice Kiemsy, 
teas of Reorciy, Bepertncnt of Eatoology 
yensty of Kentucky, tof Entomn 
'$-225 Agriculture Science North, Lexington, 
40546-0091, e-mail: Irieske@uky.cdu. Website: 
Intep:// wwwuky.<d. 

The Univenty of Keno a Equal Oppo Em 
[over and encourage apc) fom mint a fmalen 


ASSISTANT PROFESSOR 
Microbiology and Cell Science 
DIRECTOR 
Electron Microscopy and Bioimaging Laboratory 
‘University of Florida 

The Microbiology and Cell Science Department 
and the Interdisciplinary Center for Biotechnology 
Research (ICBR) at the University of Hlorida invite 
applications for an Aesistant Profesor tenure-track 


Position to develop an externally finded research 
Program in bioimaging and direct ICBR microscopy 
Sore fcity 


Technical support staff will be provided to 
perform the daly service taks of this [CBR resarch 
Bally” As Dircctor, the incumbent will be changed 
swith Sting the vision and acquiring the resources 
‘necessary to make this ICBR fality among the best 
fn the nation. Candidates with interests in applying 
modem bwoumaging technology, indaing sletron 
rkroncopy, to smportant problems in cclulaeand/ 
for molecular boology are ‘especially encouraged t0 
apes 

MApplicants must have a PhD., postdoctoral ex 
perience, and a strong publication recond. The sc 
SSuful candice is expected to partpace in our 
Undergraduate and graduat: programs. A very com 
peuthe setup package anf salar are sea wo the 
Succes cantnate. Details of the Deparment and 
TCR may be found at websites: ep:/ /enicrocell. 
ufledu and http: //www.biotech.afLed. Submit 
Spplistions aa angle PDF fle containing a cnet 
‘Etter, curriculum vse, and simmary of esearch in 
erate to De. Peter Kima (email: pkima@ul. 
fda). Thc Ieters of reference should Slo be sent 
Siecty so ema pima@uhedax Rosen of ap 
‘ations will bein on Apeil 2, 2007. The Uren of 
Finds an pst Opportniy Epler 
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Hane 
Department of Molecular Genetics 
TLemmer Research Insite 
“The Clevdand Cline 
We are sccking a Chair forthe Deparment 

Molecular Genctice which occupies once 
30,000 square ect in the Lemer Rescish 
inatute (LHI). An Endowed Chair accom: 
pans this postion. The Department sie 
ently const of 12 acl wth wel funded 
fescarch programs in the areas of signal 
Tanaduction, call and val gene expeewion, 
ticle acid Biochemistry, cell eye reg 

oncogenesis and aging The ileal app 
‘nt te this potion wal have an outward 
Salona separation in an area that comple 


‘ments the strengths of the Department. The 
Lemer Research Institute (LRU) with over 160 
independent investigators in nine departments 
and.an annual budget of over $140 million 
(S83 millon fom NIH in 2005) has a com: 
‘mitment to eccllnce in basic and raeational 


Gallop of Medicine and mockipls other tn 
‘ersties tain in LRI laboratories, We are seek 
ing candidates with the vision and chergy 0 
recruit other talented scientists who will 
synengize with current faculty. The Chair will 
bbe provided with a highly competitive salary, 
and 

‘eenuitment packages for nk 
‘A letter of interest, curriculum vitac, and 


‘Marta K; Cather, PhD. 
Search Commitee forthe Gi of 
‘iokular Genta 
Deparment of Cal Bloggy, NC1O 
Citeana Chine Rescate 
00 fs Avene 
events OH T0198 
ih sabes a ba recs 
estrg, atta i Coe 


RESEARCH ASSOCIATE PROFESSOR 
‘Stony Brook Univers 

The Mincral Physics Institute (MPI) of Stony 
Reook University and’ the National Synchrotron 
Light. Source (NSLS) ‘of Trookhaven National 
Laboratory seck applicans fora Research Awoate 
Profesor i highepresure matctal ysis. The si: 
‘cual candiate wil develop and ka an HP 
Search program at the NSLS. The candidate sh 
ine eapcrenoe and intrest in: scr heated cmon 
anvil clay difaction, and spectroscopy at high 
Dresure. Required: PhD. in physics, peowenc, oF 
Tle ie Perec wl be co cts 
ised HP rescath and demonstrated. ability to 
‘obtain external funding Applicanes should send 
‘curriculum, stacy list of publications, research 
Statement, and thee letters Of recommendiion 
Ms, Samantha Lin, Mineral Physics Institute, 
ESS Building, 4 in 
Brook, NY 11794-3100 US.A. V 
http://www.stonybrook.edu/cjo for employment 

prac, Epa Ope ABimaie At pie 


POSTDOCTORAL POSITION, NIH Train- 
ing Grant, Department of Orthopaedics, Univer- 
sity of Rochester, New York. MD. o¢ PhD. 
Slegrce. aswell ar US. citizenship or grien card 
required. Applicants interested in basic or tral 
tional rescarch related to bone and joints should 
senda letter inating research bntsrests, cic: 
hum ‘ita, and he names of three references to 
Dr. Regis O'Keele, Department of Orthopaedics, 
University of Rochester, 601 Elmwood Aventc, 
P.O, Box 665, Rochester, NY 14642. Unto 
of Redener is av Eu Opyonnnty/Afimatve ccion 
Employer 
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CO-DIRECTOR, CENTER OF CARDIOVASCULAR 
‘TRANSLATIONAL BIOMEDICINE 


The University of Utah Health Sciences Center (UUHSC) invites nomi 
nations or applications for the Co-Director of a newly created Center 
of Excellence in Cardiovascular Translational Biomedicine, The Co- 
Director will spearhead the creation of a vibrant, cutting-edge research 
program with emphasis on stem and cell-based therapies, therapeutic 
angiogenesis, model systems (e., zebrafish), and innovative technolo- 
gies (c, molecular imaging). Applicantsshould hold a doctoral degree 
(M.D,,Ph.D., or equivalent). Preference will be given to candidates with 
in bicinto small molscule screening. and modeling of 
systems, In addition to a generous start-up packags 
the Co-Dincetor will fill the No 
Chair for Cardiovascular Re 


ch. Applications a 
candidates with an outstanding record of sustained, extramural research 
program and.a commitment to take a lead role in program project grant 
and other multiisciplinary grants. There is no mandatory teaching 


requirement, The successful candidate, 
trative and scientific partner with the current Christi T. Smith Professor 
and Division Chief of Cardiology for the Center. The Co-Director will 
spearhead the recruitment of Wo additional junior and experienced 
investigators atthe assistant and associate professor levels 


Review of applications will begin, April 1,2007. The application must 
include a letter of interest, curriculum vitae, and names of thr 
ness. § qualifications and experience 


The University of Utah provi 
outstanding eultur 


Programs in a safe environment wil 


esexcellent benefits. Utah offers tres 
reasonable cost-of-living, 


The University of Utah is an OEOVAA Employer and: 


ASSISTANT/ASSOCIATE PROFESSOR POSITIONS 


The University of Utah Cardiology Division and Department of Medicine 
University of Utah School of Medicine invite nominations or applications 
for positions in.a newly created Center of Excellence in Cardiovascular 
Translational Biomedicine, The Cardiology Division will undergo 
nificant rebuilding, and several faculty will be recruited over the next 
few years. Applications will be considered in any area of cardiovascular 
biology and molecular physiology; however, 
aarescarch interest that i focused on stem and cell-based therapies, th 
peutic angiog . zebrafish) with an emph 
‘ondiscase mechanisms and or translational medicine. Applicants should 
bold a doctoral degree (M.D., Ph.D., or equivalent), have a strong research 
record, and prior experience and evidence of extramural grant suppor 
Candidatesat the level of Assistant Professor and/or Associate Professor 
will be considered. Ample start-up packages are available 


Send curriculum vitae, a statement of teaching exp 
background and interest, and the 


nce und research 
cs of three potential references to: 
Dr. Ivor J. Benjamin, Christi T. Smith Professor of Medicine, clo Ms, 
Lori Kaumans, Division of Cardiology, Univ, of Utah HSC, Salt Lake 
City, UT 84132-2401, Email: lori.kaumanya hse.utah.edu, 


The review of applications will begin immediately, and applications will 
be considered until the positions are filled. 


endous outdoor activities forall seasons, and Salt Lake City has 


encourages applications from women and minorities. 


Group Leaders in Cancer Biology 


The establishment of new Branch of the Ludwig Institute for Cancer 
Research (LICR) in Oxford University wil focus its research endeavours 
‘on cancer biology inchading suppressing tumour growth and prevent 

‘We are actively recruiting Research Group Leaders at 
ember (Assistant Profesoe/Leturer), Associate Member 
(Associate Profesoe/Senior LecturerReader) and Member (Profewe) 
levels 


The LICR Oxford ranch wil be housed in anew state ofthe at bulking 
inthe fasitue of Cancer Medicine and be ailiated to the Nulld 
Department of Clinical Medicine (NDM); part of the Medical Sciences 
Division, Unversity of Oxford. The LICR is pabal nn profit ganization 
With nine Branches and numerous Alfiates woekwide 


Asan LICR faculty member, you willenjo the beneis being a distinctive 
part ofa dynamic local envionment at a woeld-clatsuniverty, and also 
‘of belonging to an iaternationally recognized Insitute that (actively 
Pursuing the transition ofits research discoveries into applications for 
human benefit. 


For farther details about these positions and how to apply please email 
Sarah Barnsley, sbarnsley@hadwiguclac-uk, quoting ef ~ oxi. The 
‘losing date is Mooday 3oth Apel 2007 


“The Ludwig Institute For Cancer Research i 
an Equal Opportunity Employer. All qualified 
applicants wil receive consideration for 
‘employment without regand to race, color, 
‘religion, sex oF national rigs 


wwwilicrorg 


President and Director 
Woods Hole Oceanographic Institution 
Woods Hole, Massachusetts 


Woods. Hole Oceanographic Institution (WHO), the 
world's largest private institution dedicated to research and 
eanography, sccks 9 
z 1 Director. The. Institution 
up d education with vessels 
and instruments that enable unmatched access to the sea 
and with premier shore-based laboratories and_ other 
‘acilities, With an annual budget of $136 million, the WHO! 
Community includes some 500 scientific and technical stat, 
nearly 400 operating, administrative, and suppor staf, and 
;pproximately 200 students and postdoctoral scholars, 
This is a rare opportunity to lead an institution with a 
remarkable history of achievement and the resources to 
continue to expand understanding oi the oceans and their 
central influence on Earth systems and human society, The 
new President and Director will be a person of excep! 
intellectual vision and scientific judgment, a proven | 
who listens well and communicates. persuasively 
person who embraces the pressing sctentific work of the 
Institution with passion 
WHOL is working with a national executive 
search firm, Isaacson, Miller, on. this 


recruitment. For a detailed p¢ 0c 
announcement or to apply, please email 3° is, 
3350erimsearch.com. All inquiries will © yf 
be held in strict confidence. 8 é 
WHO is an Affirmative Action’ 5 é 
Equal Opportunity Employer: im 


Life. Enhanced. 


New Breakthroughs, New Opportunities. 


I you're looking for an exiting place to work witha future fll f opportunites, consider Bristol-Myers Squib. We recently launched four major medicines injust over two years. And 
‘we havea robust pipeline of investigational products to teat serous diseases with unmet medical needs. Help us fufllowr mission to extend and enhance human life. You'll not only 
help entch the fives of others but also have the opportunity fora rewarding career with personal and professional advancement ina high-calber, team-oriented environment. 


We are actively recruiting individuals a all levels interested i joining a winning team who are dedicate to extending and enhancing human if 


Senior Research investigator Vil- Hopewell, New Jersey 

‘Weare seeking aninvidual with a Ph. (equivalent experience) anda least S years of industrial or genome center level experience in the fields of Genome Sciences or molecular biology 
Who has demonstrated cea leadership and the abifty to ect large genomic scale projets. Board understanding of human genetics and human genome and the manipulation of gene 
expression via RNA to find and validated new targets for drug discovery considered essential. The ideal candidate would have diect hands on experience with lentiviral transduction 
systems, RNAI and CDNA ove-expresionsceens as well as developing and implementing various primary and secondary cellular assays... Must have proven managerial experience and be 
able to reduce to practice established protocols as wel as develop and troubleshoot new and nove appications. Must be comfortable with high-though-put genomic methodologies and 
basic liquid handing automation, Mustbe highly proficient in projet and laboratory information management system and pzindpals, Must possess strong organizational/mul-tasking 
abilities and communication skls and be wiling to work in a highly colaborative production environment. 


The ndvidua will ead the mammalian genetic screening group and wil be response forthe planning and execution of whale genome sie screens using lentiviral based approacesas 
ella smaller scale efforts using focused gene sets, The successful candidate willalso ensure that resources are appropriately utilized for maximum efficiency. The individual wil also 
‘verse the development and implementation of various assay platforms, including ELISA, qPCR and reporter based assays and wil work dosely with ou High Content Screening group to 
sure seamless collaboration, Requisition Number: 18896 


Senior Research Investigator- Wallingford, Connecticut 
Degree in Biology, Biochemistry, Biotechnology or relate fel Ph.D. with 3 years experience or BS.or MS. with 10 years experience induding significant effort in Neuroscience, 


Apples genomic technologies to design and execute experiments that provide cic! information to the drug discovery pipsne for Newscience and Infectious Disease therapeutic areas 
|nWalingford, CT Genomic technologies availabe in Walinglord indude DNA sequencing Afymetrx expression profiling target cass mammalian genet screens using RNA or over 
expression constructs high content asay development. and high throughput qPCR. Collaborates with the Hopewel Applied Genomics fact for adltona experiments as appropriate. 
Supervise laboratory tasks of two research associates. Acquires and maintains knowiedge of drug discovery programs a the site and identifies opportunites for collaborations Organizes 
and maintains experimental documentation. 


owed of neuroanatomy, Preference fr indus eperence. Knowledge of experimental design theory and stati analy. Facty with data analysis software. Ality to work 
independent in highly collaborative team focused envionment. Excellent writen and verbal communication and presentation sills. This poston requires work or contact 
With chemical or blologia agents which may pose helt or safety hazards ifimpropery handled. Requisition Number: 18448 


Senior Research Investigator I- Wallingford, Connecticut 
Head of HI celcuture laboratory. PRD with demonstrated abit to plan execute and Interpret results fom critica cl based anil asays. 
Preference for scientists having experience working with HIV. Requisition Number: 19101 


Research Investgator- Wallingford, Connecticut 

The Lead covery departments seeking an Assay Design Scientist for high throughput screening, Candidates wit possess experience wit cell 

based and biochemical assays using vaious crening formats. The assay design scientist wil be expected to have a fundamental 

‘understanding of pharmacological assessment of test compounds in assay induding generation and interpretation of concentration 
response relationships. eal, the candidate wil havea demonsvate abil in statistical analysis of assay robustness and Quality Control 

Experience in high throughput screening automation aswel alow volume micotiter plate asays isrequied 


Ph.D.in appropriate discipline or Bachelor Mase of Science with appropiate experince. Atleast 3 yeas of pharmaceutical ot 
biotechnology industry experience. Complete responsibilty for running HTS assays from de nov assay design, through assay 
validation robotic validation, screening and data analysis. Wil be responsible for communication of results to research teams 
in therapeutic areas, ead profling an lead evaluation groups Must be abet cit assess HTS processes and work with 
dynamic group of biologists, bachemists, engineers and T specialists to develop new procedures and enhance the Lead 
Discovery environment. Requisition Number: 19062 


You can visit our career website to apply for a specific position or express 
general interestat http://www.bms.com/career/data 


Bristol-Myers Squibb, P.O. Box 4000, Princeton, NJ 08543-40005 *. ‘ 
Bristol Myers Squibb, Research Parkway, Watngfora CT 06482 Bristol-Myers Squibb 


Bristol-Myers Squibb is an equal opportunity employer. 


Life. Enhanced. 


New Breakthroughs, New Opportunities. 


{f yur looking for an exiting place to work witha future ful of opportunities, consider Bristol-Myers Squibb. We recently launched four major medicines in just over 
two years. And we havea robust pipeline of investigational product to treat serous iseases with unmet medical needs. Help us fulfil our mission to extend and 
enhance human life. You'l not only help enrich the lve f others, but also hae the opportunity for a rewarding carer with personal and professional advancement 
in a high-caliber, team-oriented environment. 


We are actively recruiting individuals tall levels interested in joining a winning team who are dedicated to extending and enhancing human life 


Molecular Genetics Screening and Library Management Associate- Hopewell, New Jersey 

Weare seeking an individual with a 8S/MS and at least 2-4 yeas of industrial or genome center level experience in the fields of Molecular Biology and/or Genome 
Sciences. Broad understanding of human genetics, human genome and the regulation of gene expression required, Must possess a solid understanding ofthe basic 
scientific principles underlying techniques such as DNA isolation, RNAi, mammalian cell culture and lentiviral transduction systems. Must beable to reduce standard 
‘operating procedures to practice as well as to trouble shoot technical issues. Familarty with high-throughput genomic methodologies and the use of automated liquid 
hhandiing and related robotics essentil..Also required is basic project and laboratory information management principles and skills. Must be comfortable with various 
computer programs such as Windows, Microsoft Project and Excel. Must possess strong organizational/mlt-tasking abilities, communication skills and be willing to 
‘work ina highly collaborative production environment 


The individual willbe key partiipant in Applied Genomics efforts to build comprehensive lent-vial shRNA clone sets and virus to support target discovery and drug 
development. The individual wil be responsible for maintaining a large collection of shRNAi cones, replicating and re-arraying clones on demand, making DNA and 
producing high titer virus. The individual wil also oversee and/or participate in done sequencing and verification, inventory, cistibution and help to curate and manage 
the collecion, Requisition Number: 18692 


Research Scientist V/II- Hopewell, New Jersey 

The successful candidate will have a BS.or MS. degree in a Biological science plus a minimum of 7-9 years (BS.) or 4-6 years (M.S) of experience, He or she will have 
excellent working knowledge of cell and molecular biology and experience in atleast two ofthe following areas: RNA interference viral expression systems and High 
Content cell-based assays, Familiarity wth functional genomics, target identification and validation, laboratory automation, and data analysis i highly desirable 
Pharmaceutical or biotech industry experience is prefered but not requied. The candidate must be able to workin collaborative, team-oriented environment, He or 
she wil be self-motivated, results-oriented, well-organized and have excellent writen and spoken communication skills 


Assist in carrying out target identification and validation projects in close collaboration with Disease Area scientists and Applied Genomics staff, These project will focus 
‘0n the use of collections of RNAi reagents and small molecules in High Content cel-based assays to identify and/or prioritize candidate drug targets. Will design assays, 
and conduct screens and participate in analysis of data and interpretation of results Will also present findings in team meeting, Requisition Number: 18702 


Senior Research Investigator /I- Hopewell, New Jersey 

The successful candidate will have a Ph.D. degree in a Biological science with a minimum of 4 years of post-doctoral research experience. He or she will have expert 
knowledge of cell and molecular biology and functional genomic technologies including RNA interference (siRNA and shRNA), viral expression systems (espedally 
lentivirus) and High Content cell-based assays. The candidate must have working knowledge of target identification and validation processes in drug discovery. 
Familiarity with laboratory automation, analysis of complex datasets and statistical methods s also highly desirable, Pharmaceutical or biotech industry experience is 
strongly preferred. The candidate must have a proven track record of successin scientific research as demonstrated by publications in high quality, peer-reviewed journals, 
Her she must be abl to work na collaborative, team-oriented environment. They willbe self-motivated results-oriented, well-organized and have excellent written and 
spoken communication skls and strong leadership sl. Experience leading teams and managing direct reports isa plus 


Initiate and carr out target identification and validation projects in ise collaboration with Disease Area scientists and Applied Genomics staf. These projects wil focus 
‘on the use ofcallectons of RNA eagents and small moeculesin High Content cell-based assays to identily and/or prioritize candidate drug targets, Design assays and 
conduct screens analyze data and interpret results present findings to teams and working group meetings and write summary documents. Become falar with one or 
‘more Disease Area and identify opportunities for collaboration. Develop and manage portfolio of proecsaligned with Disease Area and Applied Genomic gals 
Oversee activities and provide career development for one or two research staff. Publish results in peer-reviewed journals, Contribute totechnology development and 
‘group and departmental strategy. Requisition Number: 18695. 


You can visit our career website to apply for a specific position or express general interest at http://www.bms.com/career/data 


Bristol-Myers Squibb, P.0. Box 4000, Princeton, NJ 08543-40005 ‘ 7 
Bristol-Myers Squibb, 5 Research Parkway, Wallingford, CT 06492 & Bristol-Myers Squibb 


Bristol-Myers Squibb is an equal opportunity employer. 


Research Scientist /II- Hopewell, New Jersey 
‘Weare seeking highly motivated, energetic results-oriented research scientist to wok nthe area of RNA interference. The candidate must havea B.S. /M.S. degree in 
biology or aelated fel, with a minimum of 3 yearsof research experience, anda muli-cisciplinary sil set. Practical experience and a solid theoretical understanding 
of molecular biology and cel biology techniques — RNA isolation, qPCR, culturing and transfection of continuous cel lines and primary cells essential Familiarity with 
insitu hybridization techniques, ESAs and other methods of protein quantitation are desirable. The candidate should also possess experience or be wiling to work with 
animals ~ conducting various animal dosing procedures and animal dissections. The ability to translate standard operating procedures to practice, troubleshoot and 
think ricallyand analytically ae important for success. The individual mut have good oral and written communication sks 


The individual will work on multiple RNAi projects simultaneously. A primary responsibilty will be to screen for active siRNA/antisense oligos which meet criteria 
‘equitedforin vivo experiments, This wil nvolve transfecting into cll culture systems then evaluating activities by measuring mRNA or protein levels, The candidate will 
abo be expected to assistn the design of negative contro oligos and support the in vivo effrts ofthe laboratory. He/she willinteract with Applied Genomics 
bioinformatics scientists to evaluate the sequence specificity of our active and control sequences. He/she wil also analyze target mRNA or protein levels in tisue samples 
from experimental animals. Requisition Number 18691 


Research Scientist Wallingford, Connecticut 

‘Applies genomic technologies to design and execute experiments that provide critical information to the drug discovery pipeline for Neuroscience and Infectious Disease 
therapeutic areas in Wallingford, T. Genomic technologies avaiable in Wallingford include DNA sequencing, Affymetrix expression profiling, target class mammalian 
‘genetic screens using RNA or overexpression constructs high content assay development, and high throughput qPCR. Collaborates with the Hopewell Applied 
‘Genomics fait for additonal experiments as appropriate. Organizes and maintains experimental documentation, 


Degree in Biology, Biochemistry Biotechnology or related fed BS. M.S.with 10 years experience. reference fr previous experience in Neuroscience. reference for 
Industria experience. Experience with atleast thee of the genomic technologies listed above. acity with data analysis software, Ability to work independently in a 
highly collaborative, team focused environment. Excellent writen and verbal communication and presentation sks This poston requires work or contact with 
chemical or biological agen which may pose heath or safety hazards ifimpropely handled. Requisition Number: 19174 


Senior Research Investigator: Wallingford, Connecticut 

Lead a group of scientists for de novo assay design 255 validation and screening of enzyme based targets. Integral member ofa eadershp tam responsible for 
‘overseeing the strategy and operations ofan industry leading HTS department. Communication with discovery working groups, chemistry and athe discovery based 
‘organizations across three sites, Sourcing and evaluation of bi assay technologies appropriate fr HTS. 


Ph.0.In appropriate discipline or Bachelor, Master of Science with appropriate discipline. At least S years of pharmaceutical or biotechnology industry experience, This 
‘isateam leader position fora group of experienced assay designersresponsble fora variety of challenging enzyme based targets. The idea candidate will have a strong 
background in enzymology with an extensive track record of success in assay design for igh throughput screens. Supervisory experience is essential. A clear 
understanding of high throughput assay technologies and instrumentation, together with data analysis and statistical techniques is very important. Working as part of 
highly talented and motivated team means that strong communication and outstanding team building behaviors are vital. Requisition Number: 19172 


Senior Research Investigator- Wallingford, Connecticut 

‘We are seeking a biochemical pharmacologis to join an established Neuroscience group with afocus on drug discovery in the broad area of psychiatry. The 
successful candidate will be challenged to develop and employ assays using both celular and in vitro approaches. Responsibilities also include target identification 
and evaluation as well as support for ongoing programs. 


Ph.D.in biochemistry, pharmacology, or neuroscience with at leat 3 years of relevant post doctoral and or industry experience. Candidates should have a research and 
publication record demonstrating experience in pharmacological evaluation of cellular signaling molecules. Preferred candidates will have experience deorphaning and 
developing functional assays for novel targets. Demonstrated understanding of neuropharmacology and psychiatric disease is desired. Strong oral and written 
«communication sls, flexibility and a desire to work and contribute in a team environment are essential. Requisition Number: 18971 


Research Investigator- Wallingford, Connecticut 

Thesuccesfl candidate wil join a multisciplinary team engaged in high throughpution channel screening to discoversmall molecule modulators of therapeutically 
relevantion channel targets. Te successful candidate will combine high throughput optical and binding techniques aswell as electrophysiological approaches, to design 
and execute experiments to support target based drug discovery and ion channel ability assessment. The candidate il be responsible for communicating results to 
collaborators discovery working groups 


Ph.D, a least 3 years of pharmaceutical or biotechnology industry experience. Demonstrated sls in on channel pharmacology. eletrophysology, andi cell imaging 
techniques in high throughput indus setting stongly prefered. Experienced patch damping of heterologous expression systems primary cell and hands on 
knowledge of HT instrumentation including automated patch clamping eg PatchXpress, would be prefered. Proficiency inion channel receptor binding techniques 
‘would alsobe valuable. Excellent verbal and written communication skills and ability to interact with scientists throughout the discovery organizations also required. 
This candidate must havea strong desire to succeed in ateam setting, proven ability to meet goals working ina group of peers proven innovative thinking as 
demonstrated by a record of publications in top journals that publish ion channel work. Ability and desieto master new sil, methods and technologies ina high 
throughput emironments a must. Experience using data analysis toolsand computer fluency isrequred. Requisition Number: 19051 


You can visit our career website to apply for a specific p at http:/www.bms.com/career/data 
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Bristol-Myers Sq ‘an equal opportunity employer. 
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HY! Heaith Sciences Center 


NEW ORLEANS 


Dean 
LSUHSC School of Medicine 


The Louisiana State University Health Sciences Center School of Medicine in New Orleans invites 
applications and nominations for the position of Dean of the School of Medicine, The successful 
‘eandidate will be responsible forall facets of activity inthe school, including undergraduate medical 
‘education, resident and fellow program accreditation, continuing medical education, faculty reeruit- 
ment and retention, clinical practice development in public and private venues, and nurturing and 
development of basic science, clinical science and translational research programs. The successful 
ceandidate will aso be responsible for the finances of the School of Medicine. The successful can- 
didate will work with the Chancellor's Office and Dean’s Office administrations. provide oversight 
nd leadership to the faculty group practice (LSU HealthCare Network), and interface with various 
bospital entities and their administrations. The successful candidate must be capable of representing 
the School of Medicine to various diverse agencies and constituencies. The successful candidate will 
havea MD, PhD or MD PhD and will also be board-certified in his or her specialty and eligible for or 
licensed to practice in Louisiana, if relevant. He or she must demonstrate leadership ability, a proven 
‘commitment to education and clinieal service, and the ability to provide vision forthe school that 
‘builds on its historic strengths, Achievements in teaching. multi-dsciplinary collaborative research 
mentorship, and administration that promote an inclusive environment are essential. The successful 
‘candidate must be qualified to be appointed at the professorial rank in accondance with School of 
Medicine and LSU System criteria; the compensation package will be competitive 


Candidates should provide a Curriculum Vitae including a full list of administrative accomplishments 
nd seiemific publications, and a brief statement of edueat 

imerests, skills and strengths, These materials should be forwarded electro 

nnalto: Kurt Varner, PhD, Professor and Interim Head, Department of Pharmacology. LSU! 

‘School of Medicine, 1900 Perdido St. New Orleans, LA 70112; kvarne@lsubsc.cdu. 

Review of applications will commence immediately and will continue until the position is filled 


LSUHSC is an Equal Opportunity/Affirmative Action Employer: 


Federal (GS) 
Neurotrauma Research 
Position 


The Department of Applied Neurobiology 
and the Combat Casualty Care Research 
Program in Brain Trauma and Neuroprotec- 
tion at the Walter Reed Army Institute of 
Research (WRAIR) is seeking a Ph.D. level 
neuroscientist neurobiologist with experience 
in experimental brain trauma and neuroprotec- 
tion studies. Ongoing research projects involve 
the pre-clinical evaluation of novel neuropro- 
fection strategies (including drug, brain cooling 
and stem cell applications) to treat brain injury 
resulting from penetrating ballisic-like brain 
trauma and/or cerebrovascular insults 

‘The successful applicant will be joining 
dynamic, internationally recognized team of 
researchers dedicated to advancing the field 
Of brain trauma and developing improved 
‘iagnostic and treatment strategies for military 
‘medicine. The position is offered as a Civilian 
Federal Government (General Schedule (GS 
Equivalent), Term-Hire (maximum 5 years/ull 
benefits) at a salary offered commensurate 
with qualifications and experience, U:S. citi- 
zenship and ability to obtain security clearance 
required. 

‘To lear more about the Walter Reed Army 
Institute of Research, please visit our website: 
‘ntip:/wralrwww.army:anit 

Applicants should send their C.V., a written 
summary of their accomplishments and the 
email addresses of 3 references to Dr, Frank 
‘Tortella at FRANK.C.TORTELLA@US, 
ARMY.MIL. 


YALE UNIVERSITY 
[Ia] Schoo! of Forestry & Environmental Studies 
Nea) ‘School of Architecture 


exS 


Junior Faculty Position in 
Sustainable Design and Development 


Environmental and 
Molecular Toxicology 
Department Head 


Yale University’s School of Forestry & Environmental Suaies and School of 
Architecture seek applicants for an unprecedented joint ladder level Assistant 
Professorship in Sustainable Design and Development, wth an emphasis oa 
the urban environment. More specifically, we seck individuals who have exper 
tise, orthe potential to establish this expertise, inthe management and design 
of urban environmental systems and urban ecological infrastructures with 3 
focus on the neighborhood and community seale rather than the building and 
site seale. Candidates should not only demonstrate an interest in minimizing 
adverse environmental impacts of urban development but also in enhancing 
beneficial human connections to natural systems urban arcs, The saccessil 
candidate will be expected to advise, supervise and instruct both envionmental 
studies and architecture students, offering lecture, seminar and ox project-based. 
‘courses in areas such as sustainable design and development, urban design, 
turban ecology, landscape ecology and design, and restoration of urban envi 
ronmental systems. This person willbe expected to assume a leadership role 
{inthe recently established School of Forestry & Environmental Studies and. 
School of Architecture joint Master's Degree program. We prefer a candidate 
with advanced training in any of the following filds: sustainable design and. 
development, urban design, landscape ecology and design, urban ecology, 
architecture, or allied fields, 
Applicants should send a curriculum vitae; statement of research, teaching, 
and/or professional practice interests Iwo representative examples of research 
‘or professional publications and/or design work: anda list of tree references 
to: Professor Stephen R. Kellert, ale University, School of Forestry & 
Environmental Studies, 20S Prospect Street, New Haven, CT 06511, USA. 
AND Professor James Auley, Vale University, School of Architecture, 180, 
York Street, New Haven, CT 06811, USA. The deadline for applications 
is April 1, 2007, 

Yale University isan Affirmative Action Equal Opportunity Employer: 

Men and women of diverse racial ethnic Backgrounds and cultures are 

encouraged to apply 


‘Oregon State University is secking an exceptional candidate to provide 
progressive, innovative administrative leadership. The primary mis- 
sion of the Environmental and Molecular Toxicology Department is to 
increase understanding of mechanisms and consequences of chemical 
‘uses through quality education, research, outreach, and service, The 
department offers specialized taining in Environmental Chemistry and 
Ecotoxicology, Molcularand Cellular Toxicology, and Neurotoxicology 

and the collegial character of our faculty is demonstrated by extensive 
collaborative research and teaching. The Department Head will lead 
and coordinate the research, extension, outreach, and teaching activities 
Of the unit, and will take the initiative in working with the faculty to 
‘develop and periodically revise a strategic plan that will identify progran 
Priorities. Research programs depend on extramural funding, so manag 
ing state funds to facilitate independent investigator success in sceuring 
‘competitive grants isa high priority. The Department Head must also 
foster relationships with the public and policy-makers who look to the 
department for science-based information in making critical decisions 
that influence human health and environmental quality 


Applicants must have a national or international reputation forexcelle ne 
in Toxicology or a closely related field: superior leadership qualities 
and administrative ability (preferably in the university environment), an 
active research program, and a history of external grant support. For a 
‘complete announcement sec 

bhtip:/jobs.oregonstate.cdu/applicants/Central ?quickFind=$0872 


Department of Environmental and Molecular Toxicology 
‘Oregon State University 
1007 Agriculture and Life Sciences Building 
‘Corvallis, Oregon 97331-7301 
737-3791 | FS41-737-0497 | http://emt.oregonstate.cdu 


tut NATIONAL INSTITUTES OF HEALTH 


Postdoctoral, Research 
and Cl al Fellowships 
at the National 
Institutes of Health 


www.training.nih.gov/pdopenings 
www.training.nih.gov/clinopenings 


Train at the bench, the bedside, or both 


Explore new options in int 
bench-to-bedside research 


Earn an excellent stipend and bene 


Zi MEL 


Postdoctoral Research 
Training at NIH 


Launch’s careerto improve human health 


Work in one of 1250:of the most innovative and well- 
equipped biomedical re 


arch laboratories in the world 


rdisciplifiaryiand 


Develop the professional skills essential for success 


Click on www.training.nih Gov 


Office of Intramural Training/and Education 


NIDDK @) 


Staff Scientist Position 
Genetics & Biochemistry Branch 


The National Institute of Diabetes tind Digestive and Kidney Diseases, 
th component of the National Institutes of Health and 
the Dept, of Health and Humiin Services, is recruiting a Staff Scientist 
within the Genetics & Biochemistry Branch to 

ors whose research focus is the study of 
repair, and cellu responses to DNA dama; 
or cell biology, biochemistry, or protein chemistry is a prerequisite 
Familiarity with DNA tepair, cell signaling, or the characterization of 
macromolecular complexes is desirable 


sme instability, DNA 
Experience in molecular 


The successfulliidividual will be a PhD or MD scientist with at least 


three years postdoctoral research experience and a very strong publica 


tion record in top peer-reviewed journals, The position requires a highly 
motivated scientist with the ability to work independently as well as in 
collaboration with others, 


Applicants should submit a curriculum vitae, a brief statement of 
research experience, and the names and addresses of three references 
to: Peggy Hsieh, PAD, Bldg. 5, Rm, 324, 5 Memorial Dr. MSC 0538, 
NIH, Bethesda, MD 20892-0538; or use e-mail: <phS2v@n 

or FAX: 301-496-9878, 


butp://intramural.niddk.nih,gov/research faculty.asp?People 1D=1616 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS, 


VCU 
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Professor and Head 
Department of Pharmacology 
Louisiana State University Health Sciences Center, School of Medicine, New Orleans 
The Louisiana State University Health Sciences Center School of Medicine in New Orleans invites 


applications and nominations for Professor and Head of the Department of Pharmacology. The 
School is renewing a period of extraordinary expansion with unprecedented investments by the state 
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The position will remain open until fled, and 
applications must include a detailed curriculum 
Vitae, a description of research achievements, 

statement of future research objectives, 
Funding history, and the names (and contact 


It-disciplinary collaborative rescarch, 


c 


ndidates should provide a curriilum vitae incluadin 


These materials should b 


Street, New Orleans, LA 70112: Pharmacology Search Isubse.cdu, 


Sciences Center can be obtained at http://www.medschooL uhse.edu/pharmacology’. 
2 full list of publications, pa 
research support, anda brie statement of educational, esearch, service and administrative interests 

rwarded electronically to: Dr. Arthur L. Haas, Chair, Pharmacology 
Search Committee, LSUHSC School of Medicine, Department of Biochemistry, 1901 Perdido 


LSUHSC is an Equal Opportunity’Affirmative Action Employer 


Applications should be submited 1: 
De. Richard 


Emil: richard. wesikaemper@veued, 
VCU is a Equal Opportunity Affirmative Acton 
Employer. Women. minorities and persons with 
disabilities are encouraged 1 appl 


Lighting 


Flame 
Knowledge. 


Faculty Positions - Assistant Professor (Associate considered) -Georga Campus 
Gera Campes ~ POM is seeking Fu Time cance forts Divison Bac ceees. GA-COM 
teaches an iterated mec crc ta xeoatc medal studet has anew gad 
prog nome cences. Candidates or these postions wl be expec emake otros 
tothe echng of Mate’ evel candidates and wil be expel to engage in research atts 
supporting wade program developmen. Mist hve an eared PRO dere inthe respective ld 
cls eatedae, 5 ens postdoctoral experience eq 


‘Anatomy wii teach medical gross anatomy, inducing dissec ton struction ina cadaver-based 
labortry Prelerence wil be given to individuals wha can conte to teaching in ober sb 
‘scpnesof analy. 

Biochemistry Must rave ably to teach the aes of medial biochemistry and/or molecular 
Dinlogy. Preece wil be gen to candidates in the ars ot mle bilogyenes and 
rational Bache. 

Cell Biology- Shouts te trained in an area of celular and molecular bicogy to teach medical 
Studentsnan itegated rium aswel as mleadr bilo ygeets ina Gaduate Progra in 
Ramet Scene. AS anew progam we ae lolng for candidates to complement oa gowng 
Strength in cel sgnaling. Candas with an interes in car aspects ot aging wl be ven 
peerencebut al andats wil be ven considerate. 


Microbiology- Prete raring in bacteriology but wil consider othes areas. Major teaching areas 
wl bein baerlogy and mycloy. Brad experince inter reas apis. 


The GeargiaCanpusot PCM slocatedin beat Sane, Georgia, ust mails rom the apart 
and meso downtown Atarta Cana shuld sed eter interes and card viz: 


Phadlhia Collegeof xeopahic Mie 
Human Resouces Deparinent FyHLADELPHaA COLLEGE OF 
‘90 Gy Avene, Phiaéelpi, PATI, CSIC ENC, 
Fax: 15-07-4505 renal: hrepcomedu £0 \WWW.PCOM.EDU. 


Endowed Chair in Pediatric Research 
Scott & White Health System 
‘Texas A&M System Health Science Center College of Medicine 


‘The Chien Hosp! at Scot & White and The Texas ABM System Heath Selence 
Center Colage of Medicine av sek a nately recognized eve sca he et 
taller of he douepine Be’ Endowed Cha i peti esearch. Appears shod be 
sczonplshed invenignors (Ph.D, MD er MD/PhD) a he assole c rolestr eel wh 
Carre ke ar ad 3 oven Fac ecard nba. dca ander Yanabonal esearch 
The sues conte won 2 expan lacy wn a lage academe heacare 
sytem. The cho oie way 9 etal ta recy and epee act 
sare eae © cone colaeraton wih enestpaton lca rate and erat 
exert next begs genomes andreas 

The Oscers Hospi at Sat & Wine saves alge lial tase heupout Cental Teas 
There ae avstrcing dic pace ad toby fies on campus tat ptiom state of 
‘reat molar ard cedar Boog tetris, fow ofomety. polemics and genomics a5 
vel as Honsatcal siggrt serves Amal otro tits icide ares pero 
medal and supea proms. Labora space and an apecpte tartan package the 
hater wl be povided The Soot & Whe Hea yet neo he gest ma 
specalyitegted deverysyiens in the raion, Scot & White se primary ical and 
espa eachg camps br Fe Calege of Mesre. Academic appoitimens a he asooale 
2rd poten lvl troup be Calege of Mare are commensurate wh qufeatons ard 


reread cndtes shad send a copy of tr coum vie, eter adcesing thee 
qacatons and a It 3 indie who can proie retrences 6: Don P. Wilko, M.D. 
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Assistant, Associate and Full Professorships 
at the Virginia Bioinformatics Institute: Labora- 
tory-Centered and Computationally-Centered 


State-of-the-art facilities. The Virginia Bioinformatics Institute 
(VBI) at Virginia Tech has faculty openings for assistant, associ- 
ate and full professorship levels. VBI is a world-class research 
institute in the life sciences, integrating theory, modeling, simu= 
lation and wet laboratories in a transdisciplinary,team research 
model. Areas of strength among the 18 research groups at 
VBI include infectious diseases, ranging from the molecular 
to the population scale, systems biology approaches to study 
stress response in several organisms, modeling and simulation 
of biological networks, functional genomics, metabolomics, 
proteomics and bioinformatics/computational/synthetic biol- 
ogy. Successful candidates at all levels are expected to have 
an established research program and a strong track record of 
substantial extramural research funding. 


About VBI. Established in 2000 by the Commonwealth of Vir- 
ginia, the Institute is a part of Virginia Tech (VT) and has its 
‘own 130,000 sq ft research facility with state-of-the-art core 
laboratory and computational facilities as well as new facilities 
in the Washington, D.C. area (in Alexandria, VA). VBI strongly 
emphasizes team science and organizes research outside of 
boundaries of academic disciplines. Research programs rep- 
resented at VBI assemble to meet the specific needs of those 
programs;it isa flexible environment that rewards the notion 
ofa problem-solving capability on the move. Extensive nation- 
al and international collaborations complement the expertise 
of the faculty, including strong interactions with several bio- 
medical research centers. Faculty entrepreneurial activities 
are strongly encouraged and the university provides support 
for the establishment of commercial ventures. 


For more Informa 


To apply, visit www.jobs.vt.edu and search by posting number. 
To learn more about VBI and our research, please visit us at www.vbi.vt.edu 


To learn more about the Interdisciplinary PhD program in Genetics, Bioinformatics, and 


RESEARCH OPPORTUNITIES 


VIRGINIA BIOINFORMATICS INSTITUTE 
a 


VBI's facility in Alexandria is an integral part of Virginia Tech's 
expansion into that region. Faculty members whose programs 
will not require proximity to their own laboratory facilities 
will have the option of basing their primary research efforts 


there while still accessing VBI’s state-of-the-art wet laborato- 
ry facilities in Blacksburg. VBI strongly encourages candidates 
requiring wet-laboratory facilities to apply. Exceptional new 
faculty may also have the option of joint affiliations with oth- 
er departments at Virginia Tech and two prominent medical 
schools on the East Coast. Reference posting 061384. 


Along with a strong research environment, the Institute ac- 
tively participates in “Genetics, Bioinformatics, and Computa- 
tonal Biology” (GBCB), an interdepartmental Ph.D. program 
that emphasizes both computational and experimental sci- 
ences, and which attracts outstanding students from diverse 
disciplinary backgrounds. 


Other Research Opportunities at VBI: 


* Genetical Genomics Analyst, posting 060988 

* Micro- and Molecular Biologist, posting 061418 

* Postdoctoral Associate: Nucleotide Metabolism Mod- 
eler, posting 061331 

* Systems Administrator (multiple openings), posting 
060434 

* Training, Education and Outreach Program Manager, 
posting 061188 

* Whole Genome Sequencer, posting 061332 


Computational Biology (GBCB), visit http://www-grads.vtedu/academics/programs/gbcb/index 


hemi 


‘invent the Future 
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== ACCELERON 
Founded in 2003, Acceleron Pharma, Inc. is a biopharmaccutical company 
developing therapeutics for musculoskeletal, metabolic and cancer-related 
diseases. In the complex and rapidly evolving fcld of drug discovery and 
‘development, the depth ofthe team and the way they work logsther are to of 
the most entical sucess factors. We have a unigue culture, team. and approach 
that is rapidly translating our ideas and assets into drugs that will make asi. 
nificant diference in patints ives 
Asa growing start-up company, we've mised over S2SM in Series AandS30M 
ig, and we have assembled a strong management and sci 
sm comprised of established leaders with significant biotechnology and 
cutie industry experience. We are seeking talented and passionate 
‘individuals who thrive ina dynamic, fast-paced, team-oriented and collabora 
tive environment to be part of our sucess. 
Post Doctoral Scientist | 
Position Overview: Acccleron has an exciting opportunity for post doctoral 
ndidates to pursue academic based research using our family of bio-thera- 
peutic compounds. Acceleron applies its unique insight on the Growth and 
Differentiation Factor (GDF) protein family to develop novel biotherapcutics 
4 modulate the growth of bone, muscle, fat and the vasculature. Acceleron 
{is establishing itself as the premier company in the fld of biotherapeutics 
based on the GDF family. We are secking individuals to help investigate the 
biological effects of our compound using both in vivo and in vitro methodolo- 
gies. Our main focus is on the teatment of musculoskeletal, metabolic and 
cer related disease 
ral Post Doctoral Scientist opportunities in the following 
and Molecular Biology » Biochemisty + In vive 
Pharmacology 
Job Responsibilities: + Contribute to the design. development, execution 
and implementation of scientific research in collaboration with our research 
programs + Maintain up to date knowledge of curren itrature and cutting 
fadge techniques * Contribute © scientific literature and present at scientific 
Basic Qualifications: Ph.D. 


scientific publication 


Biological Sciences with a strong record of 


Please apply at: wwwaceeleroapharma.com 


weallAhe 


The University of Neuchatel, Switzerland, is seeking to hire 


A Full professor (professeur ordinaire) of 


Evolutionary Botany 


Description: The Institute of Biology atthe University of Neuchite has an 
important focus on research in Plant Biology and the successful candidate is 
expected to make a significant contribution to the field. A comparative 
approach to research topics such as plant domestication, reproductive biology 
and invasions of particular interest. Collaboration w 

‘of Competence in Research “Plant Survival” is 
Weseck ahighly motivated naturalist givin 


courses including fi 
plant systematics and ecology at the bachelor level and courses 1 
he Master in Plant Ecology and Physiology 


‘own research focus 


Duties: Full chair (6 hours weekly teaching, mana 
program and conducting various administrative tasks), 


Requirements: The successful candidate holds 4 PAD in biology and has 
strong record of internationally recognized research in evolutionary botany 
Teaching in French will be expected at the Bachelor le 
Particularly desired qualitis: 

nelusion of field work in research and teach 
= Good knowledge of indi 


Starting dat 


chisciences under 
schitel, Switzerland 


Application: visit hp:/www unin 
information. The University of Ne 
applicants 


nploi” for complete 
‘urges female 


Information: please contact Prof 
martine.rabier  unine.ch 
Applications deadline: June 18,2007. Send complete application including 
«’lectronic copy to: Prof. Martine Rahier, Chaire de botanique évolutive, 
Institut de biologic, Rue Emile-Argand 11, CP1S8, 2009 Newchite 
Switzerland, 


anine Rs 


+441 32718 3137/2800 


POST DOCTORAL 
POSITION AVAILABLE 


RNA INHIBITORS FOR ANTI-HIV 
GENE THERAPY & PERTURBATION OF 
‘VIRAL REPLICATION PROCESSES. 


‘post doctoral position is available immediately 
Work in exciting research projects on 
replication and its perturbation. Our major projects 
are on developing RNA aptamers directed to HIVE 
FR, Tat, Re, Gag and other viral targets. These 
prectnicaVtasic research projects are aimed at 
measuring efficacy, developing. optimal delivery 
hice, understanding resistance, delineating the 
mechanism of action, dissecting the early and late 
‘events of HIV replication and ultimately geared 
towards bringing the aptamers to the clinic. 


Individuals interested in leaming more, 
‘an vst the laboratory website a 
httpz”e.aecom.yu-edu/prasadlal. 


Candidates must have 2 years of relevant post 
‘doctoral experience in molecular biology, virology 
and cell culture techniques. Preference wil be for 
those interested in career development (develop 
independent research projects) 


Interested individuals should directly email their 
‘curriculum vitae and names of three references to 
pramd@aecom.yu.eda. 

Albert Einstein College of Medicine, Jack 
and Pearl Resnick Campus, 1300 Morris 
Park Avenue, Bronx, NY 10461 EOE 


ae ALBERT EINSTEIN 
(@ } COLLEGE OF MEDICINE \ 


Swedish University 


of Agricultural Sciences 


Faculty of Natural Resources 
and Agricultural Sciences 


ae 


stu 


ANNOUNCES 24 positions 
at the Assistant Professor 
Level (Forskarassistent) 


The positions are full-time and 
granted for a period of four years. 


Application period: 
March 9—April 2, 2007 


For further information: 


A Career 
in science 
is more 
than just 
science. 


wwwssciencecareers.org 


ScienceCareers.org, 


Director of Research Complex 


Diamond Light Source and 


Rutherford Appleton Laboratory 


Harwell Science and Innovation Campus, Oxfordshire 


Excellent Package 


A Director is required to lead the new £30M Research Complex at the Harwell Science and 


Innovation Campus. 


This Research Complex is to be built adjacent to the new Diamond Light 


Source at the Rutherford Appleton Laboratory. The Director will be employed by the Medical 
Research Council (MRC), The Harwell Science and Innovation Campus is home to several major 
research facilities including the ISIS neutron source and the Central Laser Facility at the Rutherford 
Appleton Laboratory and the Diamond Light Source as well as MRC and other research units. The 
Research Complex will have laboratories and shared facilities for research teams funded from 
multiple sources with the aim of advancing the UK's standing as a global leader in life sciences and 


physical sciences research. 


The Director will provide leadership and direction 
for the Research Complex 


The Director will report to. a Management Board. 
Together they will be responsible for ensuring the 
Complex meets the needs of the scientific 
community, and satisfies all stakeholders. 


The Director has a unique opportunity to foster a 
multi-disciplinary culture and create synergy 
within the Research Complex and across the 
major facilities on the Harwell Science and 
Innovation Campus. 


The candidate should be of international research 
standing ina relevant discipline, and be committed 
to translating research into practical applications. 


The candidate should give evidence of shaping and 
implementing a vision in a multi-team research 
operation where there are many challenges 


The candidates should have strong leadership 
skills and be an effective communicator with the 
ability to build positive networks and 
collaborations and to operate in a multi 
stakeholder environment. 


Please reply in confidence, with full career and current salary 


odgers Fes 


details, quoting reference CRG/122625 


(Odgers Ray & Berndtson, 11 Hanover Square, London W1S 1) 


'£ 020 75291111 e response manager@odgers.com 
www.odgers.com 


ScienceCareers.org 


CONFERENCE 


career move? 


* Job Postings 
© Job Alerts 


* Resume/CV 
Database 


* Career Advice 
from Next Wave 


* Career Forum 
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Get help from the experts. 


or further information please contact the conference secretariat 
Michoela Langer irmgar Wierowice 
Max Delorick Centrum fir Molekulare Meizn (MOO) Bein Bch 
Robert-Rssle-SvaBe 10+ 13125 Bein 
phone: 49 30 940637 2038 00 ax: 49 309406 220672656 
email langerrdc bern de I weer bein 
‘liomaton eeering be recson eda: www.sciencecareers.org 
tps 2007 berlin. de 


AWARDS 


[New AWARD ANNOUNCEMENT 


ee Do what hocher 


you love. you always 
lauadhat dreamed of. 


you do. Now what? 


a) 
i 
2 
ia 
= 
wi 
v 
2 
° 
z 
z 
< 
(=) 
2 
< 
w 
oO 
2 
is 
ly 
wi 
= 


A maximum of $ awan 
The awards will pe 
ts over three year 


www.sciencecareers.org 


www..sciencecareers.org 


fellows, and highly motivated recent PAD and 
MD graduates ~ all conducting independent 
research, 

+ Applicants (including non-US, citizens) must 

forking at a U.S. insta 

institutional nomination 
asic and translational clinical projects wall be ScienceCareers.org 
sonsidered 

+ Individuals with a background in multiple 
disciplines are especially encouraged to apply 

PRE-PROPOSAL DEADLINE: Jun 


Summit on Systems Biology 2007 


Integrative Basic, Clinical and Translational Research 


June 5-7, 2007 


Speakers include: 


Leroy Hood (institute for Systems Biology 

Caro Frasor-Liggott (The Institute for Genomic Research 
Rita Colwol (Former Droctor, National Sclonce Foundation 
Reon Thomas (Universite Libre de Bruxelles) 

Masaru Tomta (Kolo Unlvorsty) 
Christoph Adami (Calforna Institut 
Bernhard Pats 


of Tachnology) 
fornia ~ San Diego) 


(University of California - Davis) 


Marc Vidal (Harvard University) 
James Bassingthwaighto (University of Washington) 
‘Joo Loscalzo (Harvard University) 

Gilles Clermont (University of Pitsburgh) 

Thomas E. Johnson (University of Colorado) 
Joseph Nevins (Duke University) 


‘Alan Pereison (Los Alamos National Laboratory) 


Program 


onday, June 


ome Reception 


4 Networking Contre 


Tuesday, June 5 
‘Session I: The Systems Biology Challenge in 2 
Blomedical = discussion moderated by Dr. Leroy Hood and 
Including a Industnal and government dacson-makers i systems 
biplogy res 


‘Session Il; Complexity in Cellular andi Sub-Celllar Systoms 
appications of systems approaches from chemical blogy to cellular 
modeling 


Reception / Spacial Event 


Wednesday, June 6 


Joint Keynote for Sessions It a 
Medicine 


ystems Biology and 


‘Session Ii: Pathways and Networks in Basic Research 
(concurrent with Session IV) — metabolic modeling. protain-prote 
eraction networks, synthetic biology. 


virg 


aCommonwealth Un 


ystems Bi 
3 wth Session i) 


applications of systems 


approaches in modeling normal and dlae 


Session V: Systems Biology in nslational 
Research I - applications of systems approaches in normal and disease 


Gala Banquot a the Viginia Musoum of Fine Arts, 


Session Vi Perspectives on the fture 


Close of main Summ# events/Opening of modeling workahops 


of Modeling Workshop: Lectures on Modeling in 
applic ing in 


‘Systems Biology (open to all) of mod 


Clinical and Yansiatonal research 
Hands-on Moding 298 (separate registration 

Workshop |: Fast Start Modeling and Simulation Tools for Basi 
Research 9 3s, biomedical systems simulation, and 


mage processing/scienfic visualzaton in basi systems-based research 


Workshop i Modeling and Simulation in Cinical Research 
mathematical and computational modeling/simulation methods for 
modeling incivdual organ and organ system dynamics 


Venue and Accommodations: 


The Summit willbe held for the second year atthe Jefferson Hotel 
‘ational landmark in downtown Richmond. While here, vist other cultural 
‘and historical landmarks - Richmond, Jamestown, Coionial Wiliamsburg, 
Shyline Drive, the James River Plantations, etc 

his actly has been approved for AMA PRA Credit 

For information regarding continuing education, con 

PDE, Virginia Commonwealth University. 

Tet: 890-413-2872; Email: cmeinfo@veu.edu 

For program nformato 

Gregory A. Buck, Ph.D; Chai 

Steering Commitee 

Center forthe Study of Biological Complexity, 

Virginia Commonwealth Universty. 

Tek: 804-827-0026; 

Email: sysbiosummit@vou.edu 
http:/www.vcu.edulcsbe/systemsbiologysummit/ 


versity 


areers.org 


8 
Q 
S| 


POSITIONS OPEN 


CHAIRPERSON 
Department of Physiology 

‘Temple University School of Medicine 
Tenure-track PROFESSOR level academic sie 
tise to Tead the Department of Physiology. The suc 
cessful candidate Will provide innovative academic 
land administrative leadership for all research and 
teaching programs of the Department of Physiology 
and will guide the Department's overall contribution 
to the senvice functions of the School of Medicine 
and to the University. Members of the Department 
‘of Physiology are actively engaged in research in the 
areas of cantiovascular physiology, cell signaling, 

jology, neurophysiology, pulmonary physic 


tum qualifications: the Ph.D. and/or M.D. 
a sealciic expericnce, excelent 
inschelaahip, protea ably to socure tod sustaa 
independent and collaborative eatramural funding, 
eflctive intepersonal sil, demonstrable leader 
Ship, and 3 vision forthe sustained development of 
i Oe 
remple Univenity offers a competitive compen: 
sation and comprehcnahre benefits package. Letters 
trominating qualied candidates are requested and 
may be sent 
Joanne M. Orth, Ph.D. 
CChairperion, Payllogy Chale Search Commie 
«/o Patrica Pileggy Ofte of Faculty Affairs 
"Temple Univenity School of Medicine 
3420'N, Broad Street, Room 108 MRB 
Philadelphia, PA 19140 
E-mail: patrita plleggi@nemple.edu 
Inerested individuals are invited to submit a ow 
er letter and ‘irrent curriulim site to. e-mail 
patricla,pileggi@temple.ed, Website: hrpi// 


‘www.temple.edu/medicine. 
Temple Univesity a El Employment Oppo 
Afirmatve Acton Enpoyer and strongly emiunaes pps 


ths ron woe and nie, 


FACULTY POSITION, BIOLOGY 
The Biology Department at Fairfickl University 
ites applications for a one-year appointment at 
the INSTRUCTOR level for the 2007-2008 aca 
demic year, This position requires a Ph.D. in any 
specialty within the biological sciences, however, 
preference will be given to individuals with expertise 
‘vclopmental genetics. Primary responubilities for 
the fill semester wil be to participate in the teaching 
‘of the molecular biology and development portions 
ff the introductory general biology sequence for 
majors. This will inchide team-taught easseoom 
Tectures a8 Well as laboratory instruction. A spring, 
‘sophomore-evel genetics course is ao expected 
Faiefickt University is a small compechensive uni 
versity located in southwestern Connecticut with 
City. Applicants 
includes prior teaching pens and the names 
i hceretrenses by Apo 18,2007, vo: Bolo 
‘Search Committee, Biology Department, Fairfield 
University, Fairfield, CT 06824. 
ed Urner ean Afimatioe “sion gual Opp 
tunity Employer Women, manos, and enone th ie 
icy are toy emg 18 apply 


Two POSTDOCTORAL FELLOW POSI- 
‘TIONS are aailable to study DNA damage-induced 
hematopoietic stem cell (HSC) injury at the Depart 
ment of Pathology, Medial University of South 

arolina, Chasleston, South Carolina. This is an ex 
ccllent opportunity for carcer development to Staff 
Scientist or Junior Research Faculty appointment 
(Candidates with Ph.D. and/or M.D. and experience 
in experimental hematology and HSC research and 
‘gene therapy should send their curricolum vitac and 
‘ames of three references to Dr. Daohong Zhou by 
e-mail: zhoud@ musc.edu. 
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44 RUSH UNIVERSITY 
MEDICAL CENTER 


RADIATION ONCOLOGY INVESTIGATOR 
Ghkage 

Rah Unienty Medical Conteris secking 2 mid 

sctior vc, funded, aboatory Bad Oncology 
evssor/ Faculty Member forthe Deprcnet of 
atanon Oncology The succontd couse wil 
fe cqpeted wo Stisbeaes ah other onslogy 
imvscfpeces sad assay, Sd bo pers bee 
intone neu appropri to ration oncology 
Gpporeanity intlades academic faculty poston 
Sih tenure, jut appennment with apropaae 
Toke scence perme, panicpaton bn odkion 
Therapy Oncology Group wandasona sidcs, ef 
legal choroemcrt with seen serio fy member 
Sel compene slay and nei, Wed caeidas 
Ail pomess tuber a PAD. depsee or MLD/THD. 
eps ent vil ven dcmomsred eck cord of 
oss in tandatonal oncolageal investigations 
Progam bung han cach cmmponc of ts 
promtion 

ese contact: Rom Abrams, MLD, Chairman 
and Hexion Profesor, Dern o Ra 
Shon Onlogy, Rash Unie cee 
5300'S. Paulien; O13 Atrium Buiking, Chicago, 
TL 60612 3433, Telephone: 312-948 8771 
31294-8781: Emallom a abranse rushed 


The Deparment 
York University (NYU) School of Medicine, 
conjunction with Dr. Steven Burakott, Director of 
the NYU Cancer Institute, has an opening fora fll 
time POSTDOCTORAL RESEARCH FELLOW 
position. Our rescarch interests include the develop: 
‘ment and study of mouse models of head and neck 
‘cancer and the anti-tumor immune response. Join 
small ahd eaciting research cnvironment that 8 com: 
mitted to answer the unresolved questions in head. 
and neck cancer 

Highly motivated individuals with an cnthusiasic 
interest in our research program are invited to apply 
Applicants should possess a Ph.D.. and/or M.D. 
degree obtained within the lst three years in the 
iological sciences with experince in cancer genet 
ics/animal models of disease and molecular/cellular 

blog). Previous experience with head and neck 
ceancer is helpful, but not required. If interested 
plac send 2 cover Fetter, cumculum ise, and 


‘Theresa Tran, M.D. 
160 East 34th Strect, 9th Floor 
New York, NY 10016 


FACULTY POSITION 
University of Wisconsin, Madison 
‘Veterinary Pharmacology 

The Department of Comparative Biosciences, 
‘School of Veterinary’ Medicine invites apphcations 
for a tenure-track faculty position (ASSISTANT of 
ASSOCIATE PROFESSOR). Qualifications in 
‘lude Ph.D. or equivalent, postdoctoral experience, 
‘commitment to eaccllent teaching, and ablity to 
develop an extramurally funded research program, 
Preference will be given to research areas comple- 
menting existing departmental strengths. Teaching 
responsibilitics inchide participation in veterinary 
phimmacology instruction. To apply, send currics 
Tu vitae, brief statements of rescarch interests and 
teaching philosophies, and thrce letters of reference 
to: Gordon S. Mitchell, Chair, Department of 
Comparative Biosciences, University of Wiscon- 
sin, 2015 Linden Drive, Madison, WI 53706. 
Apply by Apel 30, 2007. For additional information, 
Sec website: hitp://www.vetmed.wise.edu/ 
jobs hel Ep! Cpporanty/Afioative Aion Employ 


"TENURE FACULTY POSITION 
University of Rochester 
Schoo! of Medisine and Dentistry 
The Deparment of Sugery/Divvon 
Surgery ond the, Com eMail 
scat ies applic fra temurrac Bcly 
poston i sctt call tology and fr te 
iocoine, The meen cantare wil develop i 
Xgpendcntrancatonal rscarch peogsams within 4 
rocarch center that focal upon undentanding 
molecular, cellar, structural, and functional wes, 
teat to keel tssucs Potent area of focus 
are broad and inde research elated to periph 
fer woud ring, it ta ap 
tame egencraton, peripheral name, and he role 
Sein Sn her pg pees, Mpa 
dfould have increas in molecular and oem 
ology and the imerace of sre 
ignegrng and regenrcion 
Sppicante should hae 2 MLD. 


Ph.D. degree 
and postdoctoral resarch training. Candidates may 
ibe at wither the ASSISTANT or ASSOCIATE 


PROFESSOR level. Prospective candidates should 
intent iting recuch ners 


J. O'Keefe, M.D., Ph.D.» Director 
rater for Musculoskeletal Research 
University of Rochester 
601 Elmwood Avenue, P.O. Box 665 
Rochester, NY 14642 
The Univesity of Recener ie an Eval Opportunity 
imple 


Raligh, 
CENTER for PLANT HEALTH SCIENCE and 
TECHNOLOGY. 

in chi pomton, you wil represent the Depry 
Adminwtrator with pons for the vera 
Planning, coordination, and dion of 
trent and anor of fecnology wed ial 
Pant health program 

Tr adtion, fou wil provide national leadership 
in developing and delvering new scence aM 

cinclogy ino operational program acti 

You wil lead acomples ant divene orgavation 
of rofeonal, echnia, and administrative sta of 
350 employes sesigned to headguarter and 
isa Net omc ee 
sckoce, acute, narra ence ana 
‘hema, or ated claps appropaate to the 
positon, and. must fave superony/ manage 
Experience wiih demonstrates the aby to pie 
iedientip wo a complet, siniceonented organi 
thon ands resoure 

The salary range fr this postion is $111,676 to 
$154,600. 

To appv, contact Jocelyn White at telephon 
202: 790-3010 for information about the postion 
Sixt inrvctons on hen to apy 

ewe reference vacancy anouncement nambe 
APHISSES07-024, nd nore the dosing date 
Apt 16, 2007- Only complete appiaton 
By the onng date wil be accepted 


POSTDOCTORAL POSITION aailble for 
seating the maker mechani f AHSI/a 
“rll chaperone Rion sing Sal mode 

Hiparence an molecule Bdge cell uur and 
pein charcaion is ewcona, Si dcr 
Xl corel vitae to: De Edathara C. Abraham, 
Prokwor of Department of Biochemistry and 
Molecular ‘Biology, Univesity of Arkansts for 
Medial Sciences E-mail. ccabeaham@uams.c- 
Ae Ed Opp /ABoae An Epo 


www sciencecareers.org 


POSITIONS OPE 
‘CAREER OPPORTUNITY 

The Veterans Aflirs San Dicgo Healthcare Ss 
tem is currently seeking PHYSICIAN applications 
for the Chief of Pathology and Laboratory Service 
Assignment is appeosimately 50 percent administra. 
tive and supervaory and 45 percent dinical and 
teaching, in this Univensty of California San Diego 
School of Medicine afihate. Responsibilities include 
‘oversight and direction of a dinkal oratory per 
forming 2.5 million tests annually, anatomic pathol 
‘ogy, and cytopathology;, pre-analytical, analytical, 
and post-analytical procedures for clinical and ana 
tomic pathology departments; accountability for the 
training of resklent in the graduate medical educs- 
tion prograny, coordination of teaching and patient 
‘eae conferences; and leadership to a Department of 
‘over 100 fill-time employees, contract employees, 
And students indding direct siperision of rime sta, 
five physicians, and four administrative ‘echnical 
personnel. We offer excellent education, teaching, 
research, and liical practice opportunites in an 
interdisciphinary collaborative setting. Academic ap. 
pointment with the affilate is an expectation. Com 
Bichensive bene package. Aust be US citizen. 

fecruitment/relocation incentive may be author 
rized, Education Debt Reduction Program funding, 
may be available, Send curriculum vitac and direct 
questions to: Jan Stock, Human Resources Spe~ 
cialist, telephone: 858-552-8585, ext. 7859, 
Veterans Affaris San Diego Healthcare System, 
3350 La Jolla Village Drive, San Diego, 
92161. Ligual Opponunty Employer. 


Veterans Affirs Sany Diego Healthcare System, 9 
progressive, state-of the-art university-affiliated 
Teaching failty, is secking. Anatomic. Pathology / 
Clincial Pathology Board-certiied PATHOLOGIST, 
The Deparment of Pathology, in this College of 
American Pathologists-accredite clinical laboratory, 
is recruiting for a CHIEF OF ANATOMIC PA 
THOLOGY, Candidate will possess excellent di 
ical and organization skills” Responsible for all 
surgical pathology, autopsies, cytological examina 
tions of the body fluids, exudates, and aspirates 
responsible for coordination of all cements of 38 
atomic pathology; and training of anatomic pathol 
‘gy residents. Maintains expertise for constltation 
and guidance in matters pertaining £0 anatomic pa 
thology and cytopathology and is responsible for 
ensuring all activites meet requitements for accredit 
ing. ag date should qualify for appoint 

the Pathology Department of 
ia San Diego School of Medi 


festablished Veterans AMfbirs saliry scales. Medical 
Ticense in any state. Non-US. citizens will only be 
oncidered Af thie senrcl yields no qualified candidater 
Recruitment/relocation incentive may be autho: 
rized. Education Debt Reduction Program funding 
may be available. Send curriculum vitae to: Lorraine 
‘Conn, Mail Code 113, Veterans Affairs San Diego 
Healthcare System, 3350 La Jolla Village Drive, 
San Diego, CA 92161 (telephone: 858-518 
7259), Alfimanive Acion/ Igual Oppomanty Empl 


ASSOCIATE RESEARCH SCIENTIST snd/ 
oc POSTDOCTORAL RESEARCH SCIEN- 
STIST postions avalabe immediate tn Department 
of Pharmacology t Columbia University. Opporn 
ity oon terdciplinary team investigating 
mola ba of tnbested mutton ded thin 
Aseurbanes in hear. Candidates must have eh 
PhD. or MLD. dgrcs and mus have expencnee 
nptopriatsf potions. Espen in protein chem 
ify anor biochemistry of membrane and signal 
‘ng mole protein gue Send cca ia 
to" De. Robert S. Kass, Ph.D., Department of 
Pharmacology, Columbia Univenity College of 
Physicians ad Surgeons, 630 West 168d Steck, 
Now York, NY 10083, 

Wea Aft Aco Esl Opp etn 
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FACULTY POSITION 
Department of Microbiology and Immunology 
University of Rochester 

The University of Rochester School of Medicine 
and Dentistry and the Department of Microbiology 
and Immunology is expanding their existing scien 
tific and research program in virology. The Depart 
micnt wishes to recruit a tenure-track VIROLOGIST 
at the ASSISTANT, ASSOCIATE, or FULL 
PROFESSOR level. The candidate will be expected 
to develop an independent rescarch program that 
will complement existing programs. The successful 
‘candidate will be joining a highly interactive faculty 
(website: http://www.urme.rochester.edu/ 

cw research building with 
ore facitics. An attractive salary, com 
frackage and new laboratory” space 
Adjacent to the other sirologiss in the Department 
fre available 

Interested individuals should submit a ket 
application, curnculum vitae, a statement of researc 
interests and goals, and the names, addresses, and 
tcepone numbers af thee eee. These mata 


Department of Microbiology and Immunology 
P.O.Box 672 
601 Elmwood Avenue 
Rochester, NY 14642 
E-mail: stephen dewhurst@urme.rochester.dt 


POSTDOCTORAL POSITIONS are availible 
cchanisms in 


study the molecular and cellular 
volved in br 


perimental Medicine, 203:2095-107, 2006, Cancer 
Rex, 65:7194-7204, 2008; Nature Biotechnol 

19382585, 2001; Proc. Natl. Acad. Se, 97 7482- 
2000; Nature Mel, 51256-1263, 1999). A strong 
background in immundlegy, cell biology, sieology, 
neuroanatomy, image ana, and confocal microm 
copy techniques is desired. 

‘Gue Institute is located at the Cedars-Sinai Medical 
Center campus and is part of the Departments 
Medicine and Molecular and Medical Pharma. 
‘ogy, UCLA. It offers state-of the-art facilites in an 
texciting research environment. Applicants should 
have a Ph.D. and/or an M.D. and under five years 
‘of postdoctoral experience, Salary is dependent on 
‘education and research experience, range: $36,000 
‘to $45,000. E-mail cover letter, curriculum vitac, 
summary of research experiences, and contact infor 
mation of three references to: Pedro R. Lowenstein, 
M.D., Ph.D. (e-mail: lowensteinp@cshs.org) of 
Maria G. Castro, Ph.D. (e-mail: castromg@ 
‘shs.org),, Department of Medicine, Cedars-Sinai 
Medical Center, 8700 Beverly Boulevard, Davis 
Building, Room $090, Los Angeles, CA 90048. 


SENIOR POSTDOCTORAL. 
FELLOW/INSTRUCTOR POSITION 
An excelknt opportunity for career development 
‘with conversion to a Junior Faculty appointment, 
this position will study signal transduction, transfor: 
mation, and apoptosis in cancer. Ongoing pros 
areas include regulation of prostate cancer growth 
and development using mouse and tissue cull 
models, transformation by the Pim protooncogene, 
and the moleculae functioning of AMILL and AML/ 
ETO in human leukemia. Individuals should posses 
2 strong background in molecular, cellular biology, 
[pretcin chomisty or hematepeacats. Candidates dead 
forwant cummculum tac and the nams of thrce rf 
erences to: Andrew S. Kraft, M.D., Director, 
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Intertidal communities have been used as a model 
system in ecological interaction for decades and are 3 
scnattve bellwether of climate change. Fundamental 
Factors responsible for structuring these commu 
nitics inclide abiotic variables such as wave expo: 
sure, temperature, wind speed, and light, primarily 
through an interaction between environment and 
individual fimess. ‘The physical and biological envi 
ronments also set the geographic scake for dispersal, 
adaptation and gene low. This four-week samme? 
‘cour offers experimental ecologists theore 
hands-on instniction in cutting-edge me 
biomechanics, physiology /biochemistey/moleculae 
biology, and genetic investiga dlispersl and 
local adaptation, as applied to questions in. comms 
nity ecology and environmental adaptation, 
instructors: Drs, Mark Denny, Steve Palumbi, 
Tals 
Independent rescarch following the 
Location: Hopkins Marine Sta 


13, 2007" 
course is possible 
tion, Stanford University, Pacific Grove, California 


9803094 Fr al intra, ing 
icc webate:htpy/ Ahm stanford.ed AAMAS web) 
mech-heml or contact the instractors (emails 
trdenny@aanford.ed mal: yplumbi@sanfird. 
‘du, or emails someroranford.edu)- Deane 
fortccipt of all appation mater Apel 1, 2007, 


1007 


LU More scientists agree Wve 
are the most useful website. 


EZBiolab 
Custom Peptide 10mg 90%: $19.59/a 
AB Production $785 peptide include 


Gone Synthesis $1.20/bp 
siRNA — 20 nmol PAGE purified: $285 


biolab.com 


@arvys (877) 473-1045 


PROTEINS 
CONTRACT RESEARCH SERVICES: 

‘and Purification 
Development 


Immunochemi gents 


‘Selection of Conjugates: 
" Proteins/Sepharose/Fluors/FICOLL 
IOSEARCH — +1.800.GENOME.1 
FECHNOLOSIES — Yuybtimmuna CoA 
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Gene Expression Gateway 


“ 


Amplification Central — 
Just what the PCR Doctor ordered, 


Now there are even more reasons to mouse on over to 

Bio-Rad's Gene Expression Gateway: 

= Educational tutorials and slide presentations 

‘+ Troubleshooting and solutions for problems commonly found in PCR data 
* Guidelines for experimental design, optimization, and validation 

‘+ Weekly tips for improving PCR design and laboratory practices 

= Abstracts of the most-cited PCR and real-time PCR articles 


‘Your gateway to Bio-Rad’s extensive genomics POR Doctor, assay desions, and a host 
expertise is just a click away. Visit us on the Web bel ced arty la aala 
at www.bio-rad.com/genomics/persupport/ 


Visit us on the Web at discoverbio-rad.com 
Call toll free at 1-800-4BIORAD (1-800-424-6723); BIO-RAD 


‘outside the US, contact your local sales office. 


